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Abstract
Hie main purposes of this study were; (i) to apply the theory of 
martensite crystallography to martensitic transformations in low-symmetry 
materials, (ii) to investigate, using the computer simulation method, the 
microscopic structure of complex interphase boundaries which are not yet 
fully understood in terms of the martensitic mechanism.
Although the unique symmetry of a twin boundary makes it a rather 
exceptional kind of interface, it is clearly a particularly appropriate 
starting point especially due to the role which twinning plays in 
martensitic transformations. The accuracy of twinning modes is vital for 
their use as lattice-invariant shears in theories of martensite 
crystallography. Potential twinning modes for zirconia were determined 
using the analysis due to Bilby and Crocker (1965) and the associated 
atomic shuffling was also considered. Twinning orientation relationships 
involving a screw axis and a glide plane have been established.
The theory of martensite crystallography (Acton et al. 1970) was 
then applied to the tetragonal to monoclinic martensitic transformation 
in zirconia. The predictions for the habit plane, shape strain and the 
direction of the shape deformation were obtained and compared with 
available experimental observations. Hie application of the theory was 
also extended to the face-centred cubic to monocline martensitic 
transformation in plutonium alloys. The predictions of the 
crystallographic features for this transformation are reported.
The computer simulation method was applied to investigate the
relaxed atomic structure and energies of the complex interphase
boundaries. The (100) /(100) and the (011) /(111) , interphase
®  ^ t f
boundaries were investigated using interatomic potential. Special
consideration was given to the misfit dislocations at the interface which
can accomplish the lattice-invariant shear of the phenomenological
theories of martensite crystallography. A new equilibrium interatomic
potential for iron was developed to study the relaxed structure of the
( 2 2 5 ) b.c.c./f.c.c. interphase boundary. These results are also 
f
compared with experimental information. Finally the general results of 
the thesis are discussed and main conclusions summarized.
The research described in this thesis was performed at the 
University of Surrey between October 1981 and April 1985. Parts of the 
work have been discussed in following publications.
Choudhry M. A. and Crocker A. G. 1983, Advances in Ceramics, 
vol. 12, p. 46.
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CHAPTER. 1
1 INTRODUCTION
Phase transformations in the solid state can be conveniently 
classified as either homogeneous or heterogeneous (Christian 1965). 
Transformations within the first group take place simultaneously in 
all parts of the solid and they do not normally involve the creation 
of well-defined new interfaces. Heterogeneous transformations however 
are accompanied by the formation of new interphase boundaries. The 
mechanism controlling the migration of these interfaces, and hence the 
growth of the product phase, now provides a further means of 
classification. The growth may be thermally activated, in which case 
the interface is non-glissile, its migration being controlled by 
long-range diffusion processes. Such boundaries may move easily at 
high temperatures, but must become virtually immobile at low 
temperatures. Alternatively, the growth may be athermal, so that 
discrete regions of the parent phase transform with high velocity 
almost, independent of temperature. The fraction of material 
transformed is therefore characteristic of the temperature, and does 
not increase with time. Such reactions are often termed diffusionless 
or shear transformations, and the motion of the interface is glissile.
These are more usually referred to as martensitic transformations, 
after the product phase of the hardening reaction in steels.
1.2 JffiBTENSITIC. TRANSFORMATIONS
The interfaces of martensitic transformations are glissile 
because the growth mechanism utilises the co-operative movements of 
many atoms rather than the particular movements of individual atoms 
which characterise thermally activated transformations (Olsen and 
Cohen 1976, Cohen and Olsen 1979). Thus many unit cells of the parent 
phase transform uniformly into corresponding cells of the product. 
The associated change of shape may then be recognised as a disturbance 
on the surface of a prepolished specimen. Such shape changes are 
not,however, restricted to pure martensitic transformations. The 
characteristic shape of a region of crystal which has transformed 
martensitically is a lenticular plate. The plate produces a uniform 
tilt on a previously flat surface and on crossing the boundaries an 
originally marked straight line changes direction abruptly, but remain 
continuous. In addition, plates often exhibit a well-defined central 
feature known as a mid-rib. Occasionally, in a single crystal, the 
transformed region may be bounded by a single planar interface 
traversing the whole specimen. In this case the shape deformation is 
again macroscopically homogeneous, producing uniform tilts on the 
surfaces. Ideally, all martensite interfaces are planar and, for a 
given transformation, the boundary or habit plane has a well-defined 
orientation. The shape deformation associated with the transformation
is an invariant plane strain which leaves the interface undistorted 
and unrotated. It is effectively a shear on the interface, combined 
with a small strain normal to this interface, which accounts for any 
volume change associated with the transformation.
It is also observed that the product plates are sheared 
inhomgeneously on a fine scale. This additional shear leaves the 
product structure unchanged, and is thus lattice invariant. The 
lattice-invariant shear may be slip, twinning or faulting, normally it 
terminates at the interface, and therefore influences the structure 
and hence the mobility of the interphase boundary.
The most important crystallographic or geometric features of 
martensitic transformations can be summarized as;
(1) A shape deformation which results in upheavals on a polished 
reference surface of the parent phase.
(2) The habit plane separating the parent and the product phases.
(3) A rather precise orientation relationship between principal 
directions and planes in the two phases on either side of the 
interface.
(4) Evidence of a fine inhomogeneous structure in the product phase.
1.3. . THEORIES. OF MARTENSITE. CRYSTA3JX)GRAPHY AND THEIR APPLICATIONS
Wechsler, Lieberman and Read (1953), and Bowles and Mackenzie 
(1954) independently developed the theories which successfully relate 
and account for all these crystallograhpic features of martensitic 
transformations. These theories, and the slightly later analysis of 
Bullough and Bilby (1956) based on surface dislocation theory, are 
essentially equivalent (Christian 1965), although to some extent the 
orginal formulations were restricted to particular transformations. 
All these theories are based on the hypothesis that the total 
shape-deformation accompanying the transformation is macroscopically 
homogeneous and at least approximately, an invariant plane strain. 
Such strains leave one plane both undistorted and unrotated, and in 
the theories this plane is assumed to be the interface separating the 
parent and product structure. The lattice strain which deforms the 
parent into the product lattice does not in general leave a plane 
invariant, and thus an additional deformation must also take place.
In applying their general theory Bowles and Mackenzie (1954a,b) 
have assumed this additional deformation to be a twinning shear, and 
the twinning elements permitted have been restricted by the further 
requirement that the two components of the twinned product must be 
generated from the parent lattice by equivalent correspondences. 
These authors introduce an additional degree of freedom by postulating 
a small uniform dilatation of the interface. The 
Wechsler-Lieberman-Read theory (1953, 1955) allows the additional
strain to be due either to twinning or slip of the product phase, and
a later generalisation (Wechsler 1959) allows, for a restricted 
correspondence an arbitrary plane and direction for the additional 
shear. The treatment of Bullough and Bilby (1956) uses the theory of 
continuous distributions of dislocations (Bilby 1955, Bilby and 
Bullough 1956) and is based on the concept of a surface dislocation 
which forms the interface and moves in a glissile manner into the 
parent phase. In this theory both the correspondence and the plane 
and direction of the additional strain are quite unrestricted, and by 
a minor adjustment of algebra (Crocker 1959) a uniform dilatation of 
the interface can also be allowed.
Acton et al. (1970) developed a generalized theory of 
transformation strains in lattices, referred to as the CRAB theory, 
which incorporates the earlier analyses of both deformation twinning 
and martensite crystallography in addition to other new transformation 
mechanisms. The CRAB theory using a general co-ordinate system and 
tensor calculus has the advantage that without
considering the intermediate stages of the martensitic transformation 
it allows one to calculate directly experimentally observable 
quantities. Hence the CRAB theory provides a simple and powerful 
method of predicting the crystallographic features of martensitic 
transformations in all types of lattices.
The theories of martensite crystallography have been applied to 
the martensitic transformations in single crystals and alloys and have 
proved quite successful. However there are important exceptions 
including some transformations in steels. The application of the 
W-L-R and B-M theories to specific examples involves much tedious
numerical work. The graphical methods of solution aimed at overcoming 
this difficulty are still laborious. Consequently, the use of these 
theories have been restricted to high-symmetry materials. The CRAB 
theory , in its general form, can easily be applied to martensitic 
transformations in low-symmetry materials.
1.4^STRUCTURE JOE JHE - MARTENSITE. INTERFACE.
To overcome the problem that a homogeneous lattice deformation 
does not in general leave any plane undistorted, the theories of 
martensite crystallography introduce a second deformation which is 
macroscopically homogeneous, but microscopically inhomogeneous, so 
that it leaves the lattice invariant. This lattice invariant shear 
can be slip or twinning and, when occurring on a fine scale, either 
can generate a macroscopically homogeneous shape change. The plane 
and direction of the slip, or twinning shear, are fixed by the crystal 
structure, though the extent of deformation is not fixed. In practice 
several slip and twinning systems or non-equivalent variants of one 
system are available for the transformation mechanism. In the case of 
twinning there are important restrictions, as the shear direction 
cannot be reversed, and the magnitude of the shear is limited by the 
critical value corresponding to twinning of the whole martensite 
plate. The favoured mechanism will be the one which satisfies 
physically acceptable criteria, such as small lattice invariant shear, 
, small shape deformation, and an energetically favourable 
lattice-invariant shear and correspondence.
There was little experimental evidence for such shears when 
W-L-R and B-M formulated their theories of martensite crystallography. 
The developement of new techniques since that time, particularly 
transmission electron microscopy, has provided detailed information on 
the substructure of martensite plates. The experimental information 
has helped to understand martensitic transformations and the structure 
of interphase boundaries (Knowles and Smith 1981, Wakasa and Wayman
1981, Sandvik and Wayman 1983). The computer simulation method has 
also been very successful in explaining the detailed structure of the 
grain boundaries (Bristowe and Crocker 1977, Vitek et al. 1980, Ingle 
and Crocker 1980, Faridi and Crocker 1980) It can also help to 
understand the structure of interphase boundaries (Barcelo and Crocker
1982, Sutton and Christian 1982). This method has the advantage that 
ideal situations can be considered. There is a need to investigate 
the structure of more complex interphase boundaries, which will 
improve our knowledge of martensitic transformations.
1.5JBESM JBESISL
Despite overwhelming evidence indicating clearly that 
crystalline interfaces govern many technologically important 
metallurgical processes, astonishingly little is known about the basic 
mechanisms and quantities involved. As part of a programme of 
theoretical research at the University of Surrey on the structure and 
energy of crystalline interfaces, this thesis reports a study of the 
crystallography of martensitic transformations and interphase
boundaries.
The main purposes of this study were? (i) to apply the theory 
of martensite crystallography to martensitic transformations in 
low-symmetry materials, (ii) to investigate, using the computer 
simulation method, the microscopic structure of complex interphase 
boundaries which are not yet fully understood in terms of the 
martensitic mechanism. Although the unique symmetry of a twin 
boundary makes it a rather exceptional kind of interface, it is 
clearly a particularly appropriate starting point especially due to 
the role which twinning plays in martensitic transformations. The 
accuracy of twinning modes is vital for their use as lattice-invariant 
shears in theories of martensite crystallography. Potential twinning 
modes for zirconia were determined using the analysis due to Bilby and 
Crocker (1965) and the associated atomic shuffling was also 
considered. These are described in chapter 2 alongwith the 
possibility of a new orientation relation. The theory of martensite 
crystallography was then applied to the tetragonal to monoclinic 
martensitic transformation in zirconia. The predictions for the habit 
plane, shape strain and the direction of the shape deformation were 
obtained using the CRAB analysis. All these results and their 
comparison with exqperimental observations are reported in chapter 3. 
The application of the theory was also extended to the face-centred 
cubic to monocline martensitic transformation in plutonium alloys. 
The predictions of the crystallographic features for this 
transformation are described in chapter 4. The computer simulation 
method was applied to investigate the relaxed atomic structure and 
energies of the complex interphase boundaries. In chapter 5, starting
with a simple (100V/(100), interface, the (011) /(111) interphase
* r * r
boundary observed in lath martensite has been investigated. Special 
consideration was given to the misfit dislocations at the interface 
which can accomplish the lattice-invariant shear of the 
phenomenological theories of martensite crystallography. A new 
equilibrium interatomic potential for iron was developed to study the 
relaxed structure of the (225^ b.c.c./f.c.c. interphase boundary. 
These results are described in chapter 6. Finally the general results 
of the thesis are discussed and main conclusions summarized in chapter 
7. In the light of the results obtained guidelines for the future 
work are also presented.
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2. THE CRYSTALIOGRAPHY J1F TWINNING MODES. IN. MONOaiMlC JZIBOONIA
In this chapter the twinning modes of zirconia are deduced. A 
deformation twin is defined as a region of a crystalline body which 
has undergone a homogeneous shape deformation in such a way that the 
resulting product structure is identical with that of the parent, but 
oriented differently (Bilby and Crocker, 1965). If the product and 
parent are to remain in contact, the deformation must be an invariant 
plane strain. In addition since the two structures are identical, 
there can be no volume change, so that this deformation becomes a 
simple shear. The deformation associated with mechanical twinning can 
be conveniently represented by the shear of a sphere into an 
ellipsoid. This is indicated in fig. 2.1 where the upper hemisphere 
is sheared to the right to become half an ellipsoid. Hie invariant 
plane of the shear is denoted by K^, the direction of the shear (lying 
in K^ ) by El and the shear strain by s. The plane is called the 
composition or twinning plane. There is also a second undistorted 
(but rotated) plane of the simple shear and this is denoted by 
The plane perpendicular to and ^  is called the plane of shear and 
is labelled S. It contains E and intersects ^  in the direction E2 «
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All these elements are shown in the figure. A mode of deformation
twinning is completely defined by the elements and E2 r but it is
usual to quote the four elements K^, E^, E2 . Corresponding to
this twinning mode there exists a conjugate (or reciprocal) twinning
• ✓
mode, with the same shear magnitude defined by the elements , K2  r
/ / / / / / _
E^ , E2  where K2  =^2r K2 =K1' E1 =E2' ^2 =E1# ® le e^ements K2 311
E2  are called the reciprocal twinning plane and reciprocal twinning 
direction respectively. The assumption that a lattice cell of the 
parent structure is sheared to become an equivalent cell of the
twinned structure, results in at least two of the twinning elements,
either and E2  or K2  and E^ having rational indices, the
corresponding twinning modes being termed Type I and Type II
respectively. In degenerate cases one or both of the other elements 
may also be rational, modes in which K^, i^r E^, E2  are all rational 
being known as compound.
Possible orientation relations which may exist between the 
parent and the product structures have been discussed by several 
authors (Niggli 1929, Cahn 1954). The operation describing the 
orientation relation must leave the composition plane invariant. The 
four classical situations are obtained by;
(1) reflection in K^,
(2) rotation of 7C about E^,
(3) reflection in the plane normal to E^,
(4) rotation of 7C about the normal to K^.
Crocker (1962) and Bevis and Crocker (1968) have shown that if the 
above assumption restricting the correspondence between parent and 
twin cell is relaxed other possible orientation relations arise.
12
A simple shear may not result in a twin related structure and 
one might have to shuffle some of the atoms. This is illustrated in 
fig. 2.2, where a cell is subjected to a simple shear and then with 
the help of additional shuffles the atoms are moved to correct twin 
sites. The complexity of the atomic shuffling mechanism associated 
with a twinning mode is directly related to the number of lattice 
planes parallel to or K2  which are intersected by a primitive 
lattice vector in the direction E2  and E2  respectively for Type I and 
Type II twinning. If this number is q, a fraction <f* of the Bravais 
lattice points is sheared correctly when q is odd and a fraction 
2(q5’-1 when q is even, the remaining points having to shuffle. Ihus 
for example no lattice shuffles are necessary when q=l or 2 but one 
half of the points must shuffle when q=4. The case of q=3 in which 
two third of the atoms shuffle is shown in fig. 2.2. For single 
lattice structures with one atom at each lattice point, these shuffles 
describe the actual atomic shuffling process associated with 
deformation twinning. However when groups of atoms are located at 
each lattice point additional displacements are in general necessary, 
as shown in fig. 2.3. In addition to shear magnitude, the magnitude 
of atomic shuffles must also be taken into account while predicting 
operative twinning modes. For twinning modes with the same twinning 
shear, it is the one with the minimum magnitude of shuffles and 
simplest shuffle mechanism which is most likely to occur. Theoretical 
studies of the crystal log r aphy of deformation twinning have been 
reported for example for titanium (Crocker and Bevis 1970) and 
CC-plutonium (Crocker 1971).
13
For a twinning mode to be operative in ionic crystals, where 
there are positive and negative ions and bonds are not of the same 
type, the criteria of small shear and minimum shuffling may not be 
sufficient. Twinned structures, where the coordination number for all 
types of atoms is preserved and minimum distortion of bonds occurs 
across the twinning plane, will then be the most favourable.
In this chapter the crystallography of twinning modes in 
monoclinic zirconia will be examined. The crystal structure of 
zirconia is described in section 2.2, experimental observations on 
twinning in this material are summarized in section 2.3 and the 
possible twinning modes are deduced mathematically in section 2.4. 
The possible twin boundary structures for various twinning modes have 
been explored and are reported in section 2.5. Specific orientation 
relations between the parent and twinned structures have been 
established.
2 *2 J^YSm JSTBttCKIgE
The crystal structure of zirconia at room temperature was first 
investigated by McCullough and Trueblood (1959) and later by Smith and 
Newkirk (1965) and determined to be monoclinic with space group P2j:/c. 
The unit cell contains four Zr(£ molecules as shown in fig. 2.4. The 
lattice parameters which were refined by Patil and Subbarao (1969) are 
a=5.1415&, b=5.2056A, c=5.3128A and ^=99.307. The positions of the 
atoms in the unit cell are, Zr at x=0.2758, y=0.0411, and z=0.2082;
14
01 at x=0.070, y=0.342f z=0.341; and Oil at x=0.442, y=0.755,
z=0.479. The other equivalent positions in this space group are [-xf 
“Yr ~z], [-xf 0.5+y, 0.5-z] and [xf 0.5-y, 0.5+z]. Each Zr atom has 
seven neighbouring oxygen atoms at distances between 2.05^ t 2.28&. 
As the next nearest separation is 3.77& , the coordination number of 
Zr is seven. In fig. 2.5, where the Zr02 structure has been 
projected parallel to the y-direction, the seven Zr-0 bonds are 
indicated by broken lines. In this coordination each Zr atom is 
bonded to three 01 atoms on one side and four Oil atoms on the other. 
This characteristic feature of the structure makes the planes of Zr 
atoms unequally spaced along [100]. As shown in fig. 2.5 the 
structure of Zr02 can also be described in terms of (100) layers of 
Zr, 01 and Oil atoms stacked in the sequence ZrOIZrOII. Hie Zr layers 
are flat but the 01 and Oil layers are corrugated. Hie Zr-OI layer 
spacing is larger than the Zr-OII spacing because it involves fewer 
Zr-0 bonds.
2.3 EXPERIMENTAL. OBSERVATIONS ON WLML13G _
As part of a study of phase transformations, induced in thin 
foils of zirconia, Bailey (1964) discovered deformation twins on (100) 
and (110) planes of the monoclinic phase. He also showed that the 
observed shear strains on these planes were consistent with the 
following twinning modes?
Kx=(100), K2=(001)r E1=[001], E2=[100]? s=sl -------- (1)
K1=(ll0)f K2=(11Q), E-ptllP], E2=[110]? s= s2 -------- (2)
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Using stereographic projections Bailey (1964) deduced that Pr Q, si 
and s2, which are functions of the lattice parameters, are ~ 8, ~ 8,
0.35 and 0.25 respectively. Recently, Bischoff and Ruhle (1983) 
adopting similar techniques confirmed that modes 1 and 2 are operative 
but using different lattice parameters, evaluated P, Q, si and s2 to 
be 8, ~ 25, 0.328 and 0.228. In addition they observed twins on
(001) planes,arising from the conjugate of mode 1, and on (011) planes 
from the mode;
^=(011), K2=(T11), E-pfRll], E2=[011] 7 s = s 3  ---- (3)
R, T and s3 being given as ~ 25, ~ 8 and 0.228. There are several 
surprising features of the reported irrational quantities associated 
with these' modes. For example there are no crystallographic reasons
for P and Q , Q and R, and s2 and s3 to be equal.
2 ^4 ^PREDICTION .OF. TWINNING. MODES
To determine the full deformation twinning modes, the general
analysis of Bilby and Crocker (1965) was adopted. A direct primitive
lattice basis c^ is chosen to define the crystal structure, while the
reciprocal lattice basis is given by c (i, j=l, 2, 3). The direct
and reciprocal lattice metrics are denoted by c. ;=(c-). (c^) and 
. • ij l j.
i l t J
c =(c ). (c ) respectively. The directions and E2 are represented
i I i i
by u c^ and v c^ and planes and K2 by hjc and kjc . The
elements and ^  are sufficient to define a twinning mode
completely. The magnitude of the shear strain is then
s d"2c vpvq - 1} $ ----------(4)
PQ
16
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a
where d is the interplanar spacing given by d=(c h^hj) . The
elements and can be derived using the following equations
K2:k i = ( cpqvPvC,)hi " (vJhj )c j k vk -------------" (5 )
= (vjhj)cikhk - (cpqhphq )w1 (6)
These equations indicate that for type I twinning in which and E2
I
are rational, so that h'^  and v are integers, and E^ are in 
general irrational.
The metrics c^j and c*”* for the monoclinic structure are
given by
ij
0 a c cos3 
b 2 0
a c. cos 3 0
c1J = cosec23
-a ~1c_ i cos3
0
b”2s in 23
0
- a ~1c” 1cos3
0 
“ 2
Using equations 4, 5, 6 and metrics c^j and c along with 
lattice parameters at room temperature , the elements I^, E^ and shear 
strain s was calculated for all possible low shear twinning modes in 
monoclinic zirconia. In practice the twinning modes with small values 
of s and involving simple shuffle mechanisms are more likely to be 
operative. These calculations are restricted to values of q equalling 
1, 2 or 4, so that all or one-half of the lattice points shear 
directly to correct twin positions. Obviously the twinning modes with 
q=4 have less chance of being operative, so that only those with small 
values of s are being presented. In table 2.1 six twinning modes for
17
q=l or 2 and ten for q=4 are listed in order of increasing shear 
strain. The conjugates of these modes are also possible.
Twinning mode 1, despite its minimum shear strain, has not been 
reported in monoclinic zirconia. A complex shuffling mechanism might 
be involved with this mode. Twinning modes 2, 3 and 4 have been 
observed experimentally, though the irrational quantities in modes 2 
and 3 were approximated (Bailey 1964, Bischoff 1983). The calculated 
values for these irrational quantities which are significantly 
different from those reported earlier, are given in table 2.1 along 
with their algebraic expressions. None of the twinning modes with g=4 
has been observed.
2.5-. STRUCTURES. OE. TWIN .BOUND&RIES
The structure of a twin boundary will in general depend on both
the location of the interface and the orientation relationship.
♦
Wolten (1964) described the mode 1 twins as being rotated by 180 about 
the c-axis. Smith and Newkirk (1965) noted that such a rotation will 
not result in an acceptable twin boundary configuration. McCullough 
and Trueblood (1959) have interpreted the frequency of twinning on 
(100) in monoclinic zirconia to be due to the relatively low energy 
difference between the ZrO^ configuration found in the structure and 
another related arrangement in which the group of three 01 atoms is 
rotated 180 about an axis approximately perpendicular to the plane 
defined by the four Oil atoms. No experimental information is
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available in this respect. The possible twin boundary structures for 
twinning modes 1 and 4 have been found during the present study using 
the criteria of minimum shuffling and least distortion in bonding 
across the twinning plane.
2.5.1,.MODE.1 TWINS
A possible twin interface for twinning on (101) is shown in 
fig. 2.6, where the structure of monoclinic zirconia has been 
projected parallel to the y-direction. After applying a shear 
strain consistent with this mode, the least rearrangement of atoms 
suggests reflection as the orientation relation between the parent 
and twinned structures. To constitute a reflection twin, some of 
the atoms are moved to the twin sites and these shuffles are shown 
by arrows in fig. 2.6. The magnitude of the sum of all the 
shuffles has been calculated to be 16.0A. This shuffling of atoms 
is not confined to a single plane, it is a three dimensional motion 
in the case of most of these atoms. Twinning on (101) would 
require breaking of some of the bonds and reestablishment of such 
bonds with respect to the new positions. The coordination number 
for Zr at the interface changes from seven to eight or six, which 
are higher energy configurations. The corrugated (101) layers 
contain zirconium and oxygen atoms. Twinning on any of these 
layers would result in the same situation as that discussed above. 
A twinning plane between two such layers would require ions of 
similar charges very close to each other resulting in an unstable
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configuration,
2.5.2 .MQDE.4.MNS
As shown in fig. 2.7, a (100) twinning plane of this mode 
could be ;
(1) a plane of Zr atoms,
(2) a plane of 01 or Oil atoms,
(3) an intermediate plane.
All these possible twinning planes have been considered and will be 
discussed one by one. The plane of Zr atoms is unlikely to act as 
a twinning plane because it has 01 atoms on one side and Oil atoms 
on the other. The distance between two (100) planes of Zr atoms is 
larger when these are seperated by 01 atoms. Hence to form a twin 
related structure, each alternate layer of Zr atoms will have to 
move towards or away from the twin boundary. Also each layer of 01 
atoms will have to rearrange itself like a layer of Oil atoms and 
vice versa to form a reflection twin as shown in fig. 2.8. Ihis 
would result in a large sum for the magnitudes of shuffles 
equalling 11.6&. Another factor which does not favour the plane of 
Zr atoms as a twinning plane is the resulting change in 
coordination number for Zr from seven to either eight or six at the 
interface, which would be higher energy configurations.
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Twinning on any of the planes of oxygen atoms is also 
unlikely because that would require a higher or a lower 
concentration of oxygen atoms near the twin boundary. Such a twin 
configuration will be unable to preserve coordination number either 
for zirconium or for oxygen across the twinning plane and will be 
unstable. An intermediate twinning plane between the plane of Zr 
atoms and the layer of 01 atoms (or the plane of Zr atoms and the
layer of Oil atoms) will also be less probable for similar reasons.
A position midway between the two planes of oxygen atoms can
be in the 01 layer or in the Oil layer as shown in fig. 2.9 and
fig. 2.10 respectively. It is obvious that a simple reflection of
9
the structure across a plane parallel to (100) or a rotation of 180 
about will not result in an acceptable twin boundary
configration. In these figures, a parent cell has been sheared on 
the (100) plane in the [001] direction. A simple shear is not 
enough to create a twin related structure. A mechanism for the
shuffling of atoms has been suggested, and is indicated by the 
arrows. The pairs of atoms move by the same magnitude but in
opposite directions giving zero net movement. Hie major shuffling
is in the layers of 01 atoms, whereas the layers of Oil atoms 
change slightly. ttie sum of the magnitudes of shuffles is 7.86&, 
which is less than the previous case when the plane of Zr atoms was
considered as an interface. All the shuffles are confined in a
plane parallel to the interface. In the twinned structure each Zr 
atom has been bonded to three 01 atoms which are oriented 
differently than in the parent structure. This configuration is 
similar to that described by McCullough and Trueblood (1959) and
21
has energy similar to the Zr07 configuration in the parent 
structure. The coordination number for each type of atom has been 
preserved in this twinned structure and the distortion of the bonds 
across the interface is very small. These factors make this 
position most favourable for the boundary for mode 4 twins. As a 
result of these shuffles we get a twin related structure which does 
not obey any of the four classical orientation relations. However 
it can be described as a rotation of 7C about plus a 
translation of (1/2)c or as a reflection in plus a (1/2)b glide.
The possible interfacial structures for twins resulting from 
the conjugate of mode 4, have also been considered. The most 
probable position for the twinning plane is again between the two 
planes of oxygen atoms as shown in fig. 2.11. The minimum 
shuffling required after the simple shear is also shown in this 
figure. The pairs of atoms move by the same magnitude but in 
opposite directions giving zero net movement. The sum of the 
magnitude of the shuffles is almost the same as for (100) twins. 
The coordination number across the twinning plane is also
preserved. These shuffles are in a single plane for most of the 
atoms, although pairs of oxygen atoms along the edges in the
twinned structure will also move by 0.02& parallel to [010]. This
shuffling will result in an orientation relation which can be
described as a rotation of 7t about plus (1/2)b glide.
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2.6.DISCUSSION
The low crystal symmetry of the monoclinic phase of zirconia 
results in it exhibiting complex twinning behaviour. The 
crystallography of the three operative modes are of particular 
interest and provide a challenging test for theories of deformation 
twinning. In particular the shear strains and some of the twinning 
elements are irrational quantities, being functions of the lattice 
parameters. When the modes were first observed experimentally (Bailey 
1964, Bischoff and Ruhle 1983) their elements were deduced using 
graphical procedures based on stereographic projections. Hie reported 
modes were thus approximate and not entirely self-consistent. In the 
present study these modes have been determined algebraically using the 
well-established theory of the crystallography of deformation twinning 
due to Bilby and Crocker (1965), and the irrational quantities in mode 
2 and mode 3 are presented in terms of the lattice parameters. Modes 
1 and 4 are compound, having four rational elements. If the choice of 
operative twinning mode is based on strain magnitude, clearly mode 1 
should be preferred but this has never been observed. Also modes 2 
and 3 should be preferred over mode 4, which involves about 40% larger 
strain, and either the modes themselves or their conjugates should 
occur. In practice it is the four rational composition planes of 
modes 2, 3 and 4 which have been reported, rather than the two 
irrational planes. However the plane of mode 2 is close to (100) 
and that of mode 3 might have been confused with (001). Indeed in 
metals irrational planes, when available, are normally preferred in 
practice (Crocker 1965, Guyoncourt and Crocker 1968).
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In order to obtain a better understanding of the operative 
modes it is however necessary to examine in detail the directions and 
magnitudes of the atomic shuffles which accompany the shears. This is 
carried out here for modes 1 and 4 twins. A geometrical approach 
based on criteria of minimum shuffling after the simple shear and 
least distortion in bonding is used to find acceptable twin structures 
for these modes. This investigation shows that the reason for mode 1 
being not operative is complex shuffling with large magnitudes and 
coordination numbers which are not preserved across the twinning 
plane. It also shows that the best position for twinning in the case 
of mode 4 twins is either in the layer of 01 atoms or in the layer of 
Oil atoms. Both of these involve simple shuffles of small magnitude 
and coordination numbers which are preserved for all atoms. As a 
result there will be least distortion in the bonds across the twinning 
plane which will therefore be a low energy interface. However it is 
very difficult to decide which twinning position 01 or Oil will be 
preferred in practice. Computer simulation techniques using 
interatomic potentials might be able to provide the answer, but will 
not be easy to carry out because of the low symmetry of the material 
and the many types of the atoms involved. The suggested structures 
for mode 4 twins are in an orientation which can be described as a 
rotation of 7t about plus a translation of (1/2)c or reflection in 
plus (1/2)b glide. This relation is not one of the four classical 
orientation relationships. This is not strange in view of the fact 
that twin structures obeying similar orientation relations and with 
low energy have been reported in different materials theoretically 
(Ahmad 1985) and experimentally (Vlachavas and Pond 1981, Fontaine and 
Smith 1982). It is desirable for the orientation relation in
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zirconia, particularly for mode 4 twins, to be determined 
experimentally.
The present study is a complicated application of the theory of 
the crystallography of deformation twinning. It has been successful 
in obtaining exact values for the twinning elements for possible 
twinning modes and explaining crystallographic features of two of 
these modes.
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K1 K2 E1 *2 s
1 (101) (101) [101] [101] 0.064
2 (011) (pii) [Qll] [011] 0.232
3 (110) (iIr ) [11T] [110] 0.233
4 (100) (00D [001] [100] 0.327
5 (001) (201) [100] [102] 0.652
6 (100) (102) [001] [201] 0.719
1 (001) (401) [100] [104] 0.162
2 (100) (104) [001] [401] 0.194
3 (011) (572,1,1.6) [477,1,1] [122] 0.463
4 (221) (1,1,27) [174,1,478] [110] 0.464
5 (110) (3.9,1,578) [1,1,1372] [221] 0.504
6 (122) (1677,1,1) [876,1,573] [011] 0.505
7 (121) (1,2.5,175) [1,1,1] [111] 0.532
8 (111) (1,1,1) [1.5,275,1] [121] 0.544
9 (001) (2.6,4,1) [1,175,0] [014] 0.594
10 (100) (1,4,2.6) [0,l76,l] [410] 0.608
P= 2c13At22 - c33)=7 . 832 0= 2c13/(c11 ' cJ3>=23.375
R= 2 c 1 3 <c 11 '  c 22> =13.323 T= 2c13/(cn  - c 22)=6.265
Table 2.1; Elements of possible twinning modes of monoclinic zirconia 
at room temperature for q=l, 2 and 4. Hie irrational
quantities P, Q, R and T are given in terms of the metric 
elements c^j and c1-1* Conjugate modes can be constructed 
by interchanging the twinning elements.
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.CflflgIEB.3
3. THEORY OF .THE.MRTENSITIC^mNSFQKMATIC?^. IN. ZIRCONIA
3.1. INTRODUCTION
Zirconia may exist in three crystallographic forms; cubic, 
tetragonal and monoclinic. The tetragonal to monoclinic 
transformation occurs at approximately 950C and exhibits martensitic 
characteristics (Wolten 1963, Bansal and Heuer 1974). It is 
accompanied by a volume increase of about 3.5% which is physically 
deleterious. Therefore it is important to elucidate the mechanisms 
involved (Subbarao et al. 1974).
The monoclinic phase formed on cooling through the transition 
temperature is generally twinned. As part of a study of this 
transformation, induced in thin foils of zirconia, Bailey (1964) 
discovered twins on (100) and (110) planes of the monoclinic phase. 
He also showed that the observed shear strains on these planes were 
consistent with these twinning modes. Recently, Bischoff and Ruhle
(1983) confirmed that these modes are operative and in addition they 
observed twins on (001) and (011) planes in the monoclinic phase. In 
both these studies stereographic projections were used to deduce 
twinning elements, and the estimated irrational quantities involved
27
with {110}^ and {011 }m  twinning were not unique. Therefore before 
using these modes as possible lattice invariant shear systems in the 
theories of martensite crystallography it was necessary to obtain 
algebraic expressions for these irrational components. This has been 
done using the theory of the crystallography of deformation twinning 
due to Bilby and Crocker (1965) and the results are presented in 
chapter 2.
Bansal and Heuer (1974) used the phenomenological theory of 
martensite crystallography due to Bowles and Mackenzie (1954) to 
investigate this transformation in zirconia. The theory requires a 
knowledge of a lattice invariant shear of the product monoclinic phase 
which of necessity accomp>anies the transformations. Bansal and Heuer 
(1974) assumed this to be slip and used several possible low index 
slip planes and directions. They also considered three possible 
correspondences relating the two phases. For one of these 
correspondences (110)[001] and (110)[110] slip were found to predict 
habit planes near those observed which are close to {100} and {671} 
planes of the tetragonal phase. Recently Kriven et al. (1981) 
repeated the Bansal and Heuer calculations using different lattice 
parameters and obtained somewhat different predictions. They also 
used (100) twinning as a lattice invariant shear and obtained real
Wl
solutions. However these were not consistent with the observations. 
It was concluded that similar calculations should be performed for the 
other observed twinning modes but that the available computer programs 
were not suitable.
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In the present study programs based on the CRAB theory (Acton 
et al. 1970) of martensite crystallography have been used to perform 
these calculations. This theory using a general co-ordinate system 
and the notations of tensor calculus can accommodate
easily the irrational lattice invariant shears in low symmetry 
materials. The results of these caculations are given in section 3.3. 
Before presenting these results on the martensitic transformation in 
zirconia the details of the crystal structures of the two phases and 
of the possible correspondences relating them are given in section 
3.2. The results obtained are compared with available experimental 
information and discussed in section 3.4.
3.2-CRYSTAL STRUCTURE J M D JLATTICEXORRESKMENCES
The high and low temperature phases of zirconia are 
face-centred tetragonal and monoclinic respectively. The lattice
9
parameters at 950C, the transformation temperature, as deduced from 
the data of Patil and Subbarao (1969) are at=bt=5.1398&, ct=5.2552&
9
and am=5.1878&, bm=5.214lA, cm=5.383lA and ^3=81.22. The subcript 't' 
and 'm' are used for the tetragonal and monoclinic phases 
respectively. The acute monoclinic angle will be used in this 
analysis to be consistent with earlier calculations of Bansal and 
Heuer (1974) and Kriven et al. (1981). Note that both structures are 
approximately cubic and the transformation from tetragonal to 
monoclinic involves a volume increase of 3.659%.
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Bailey (1964) showed that the three lattice correspondences A, 
B, C, illustrated in fig. 3.1, may arise between the two phases. 
These have cfc transforming to am, bm and cm respectively. When 
consistent right hand bases are adopted for the unit cells the matrix 
form of these correspondences can be written.
r
0 0 l“ 1 0 0" 0 1 0
A = 1 0 0 B = 0 0 -1 C = -1 0 0
0L. 1 0. 0I 1 0 J u 0 0 1-
Using the above lattice parameters the magnitudes ei and directions di
(i=l,2,3) of the principal distortions for the three corresspondences
\  %were calculated and are listed in table 3.1. The quantity £*ei -3 
which is a. measure of the strain energy was found to be 0.099, 0.099
and 0.098 respectively.
3.3MART^SITIC^ALYSlS^QEl^TBj^[EMSEQmTIQ^
For this analysis we shall use the parent metric c - 1 given by
Cij  = bt2
0
—  j
for the tetragonal phase and the product metric Pjj given by?
a 2m 0 W 05*'
Pi3 =
0 b 2 m 0
W ose 0 c 2m i
for the monoclinic phase. Hie correspondences between the two 
structures are given in section 3.2. The twinning modes 2, 3 and 4
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from table 2.1 and their conjugates will be used as lattice invariant 
shears. The magnitudes of the irrational components involved and the 
twinning shears were recalculated using values of the lattice
V
parameters at 950C, the transformation temperature. These were 4.760, 
7.718, 31.160 and 8.881 for P, Q, R and T respectively and 0.224, 
0.219 and 0.309 for s2, s3 and s4. The calalculated twinning modes 
for (100) , {110)m and {011)m twins were used as shear plane (m) and 
shear direction [1] by converting them into tetragonal indices by the 
following equations.
(m)t=(m)m(mCt)------------------- (1)
[1] =(tCm) [1] ------------------- (2)
i *»
The letters t and m are used to indicate the tetragonal and monoclinic 
phases, (mCt) is the correspondence and (tCm) is its inverse. In the 
monoclinic structure (110) and (011) are equivalent to (110) and (011) 
respectively and they also behave equivalently with respect to all 
three lattice correspondences. This is also true for (PlI) and (11R), 
hence they do not represent distinct lattice invariant shears. The 
twinning modes referred to the monoclinic structure, and to the 
tetragonal structure using the three lattice correspondences, are 
given in table 3.2.
The twinning modes of table 3.2 when refered to the tetragonal 
basis were used as input data along with the metrics Pi j, cij and all 
three reported lattice correspondences. The computer program based on 
the CRAB theory enables the magnitude g of the lattice invariant 
shear, the magnitude f of the invariant plane strain, the habit plane 
h, the direction u and the associated orientation relation to be 
determined for a given set of data. Mechanisms which are likely to be
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operative in practice are expected to have small values of g and f, 
and when the lattice invariant shear is twinning, negative values of g 
and values of g greater than the twinning shear are not allowed. 
Using these criteria the results of the calculations were examined .
The results of these calculations are presented in table 3.3 
for twinning modes 1 to 6 of table 3.2 and lattice correspondences A, 
B and C. In each case the lower of the two values of g and the
corresponding values of f, h and £  are given. Using lattice
correspondence A, only three modes 2, 5 and 6 gave real habit planes 
solutions and mode 6 is unacceptable because g is greater than the
twinning shear. One of the habit planes predicted in both of these
cases is approximately (171)t and the second falls between (111)t and 
(121)t* With lattice correspondence B only mode 1 gave imaginery 
solutions for the habit plane. Modes 2 and 5 with g=0.120 and g=0.101 
respectively, predict habit planes similar to those given by the same 
modes using lattice correspondence A. Modes 3 and 6 with g=0.053 and 
g=0.040 both predict one habit planes of type (310). The other habit 
plane from 3 is (031)t and from 6 is near (061)fc. The prediction of 
mode 4 with g=0.122 , f=0.052 and habit plane near(121)agrees with 
the earlier calculations performed by Kriven et al. (1981). Using 
lattice correspondence C, only modes 3 and 6 gave acceptable 
predictions. These have values of g=0.170 and g=0.182 respectively, 
one habit plane near (130) ^  and a second between (031) and (061) 
All these predicted habit planes are projected on a large scale 
sterogram referred to the tetragonal cell in fig. 3.2.
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3.4.DISCUSSION
Earlier analyses (Bansal and Heuer 1974, Kriven et. al. 
1981), of the crystallographic features of the martensitic 
transformation in zirconia were based on the theory of Bowles and 
Mackenzie (1954) and have not been entirely successful. This could be 
due to the fact that the theory, or at least the available computer 
programs based on it, are restricted to rational lattice invariant 
shears. It has therefore been of interest to use a computer package 
based on the generalised CRAB theory (Acton et al. 1970) of 
martensite crystallography, which can accommodate irrational shear 
modes, to investigate the transformation. In particular the three 
twinning modes and their conjugates have been used as potential 
inhomogenous shears, together with the three lattice correspondences 
which involve small transformation strains. Two of the six twinning 
shears gave acceptable real solutions for correspondences A and C and 
five for correspondence B. None of the twinning shears gave real 
solutions with all three correspondences. As reported by Kriven et 
al. (1981) no solutions arise for shear 1 but its conjugate shear 4 
results in a single degenerate habit for correspondence B. The 
remaining 16 low shear habit plane predictions have not been presented 
previously.
Bansal (1973) examined experimentally the martensitic 
transformation in zirconia and found various types of habit plane. 
These are summarized in table 3.4 together with the transformation 
modes which predicted real solutions for habit planes close to the
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experimental observations. On comparison it is evident that modes 3B1 
and 3C2 predicted habit planes of type (031)t which was observed for 
the plate-shaped product. Similarly modes 6B1 and 6C2 suggested a 
habit plane close to (061)t which was observed in sheet-like plates. 
The second type of habit plane observed in sheet-like plates was 5 
degrees away from (010) Modes 2A1, 5A1, 2B1 and 5B1 predict a habit 
plane of type (171)t which is 11 degrees from (010)t. In plate-like 
needles the observed habit plane varies from (lll)t to (121)t. Mode 
4B suggests a habit plane which is near (121)t, whereas modes 2A2, 
5A2, 2B2, 5B2 predict habit planes which vary from (lll)t to (121) t.
Hie poles of the habit plane predictions plotted in fig. 3.1 show a 
large scatter of results but none lie near the {671)t habit plane 
associated with plates in the interior of the crystal. Also shown in
fig. 3.2 are the habit plane poles near {671}t and {010)t as
predicted by the lattice parameters used by Bansal and Heuer (1974) 
using (110) [001] and (110) [110] slip shears. When corrected
parameters are used the predictions change as indicated in the figure 
and reported in table 3.5. In particular the {671}t result moves 
dramatically to near { 2 5 1 confirming an earlier result by Kriven et 
al. (1981). It thus appears that none of the lattice invariant 
shears adopted here or previously can explain satisfactorily the 
crystallography of the {671}fc habit plane but that several mechanisms
are available for the other habits. These all involve small values of
g, the inhomogeneous shear and of the total shape strain. It is thus 
possible that several distinct mechanisms occur in practice.
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In conclusion it is clear that the mechanism associated with 
the experimentally observed {671}fc habit plane is still unresolved. 
Although, much experimental work on phase transformations in zirconia 
(Van Tendeloo et al. 1983, Chen et al. 1983) has been carried out, 
only a little has been done on the martensitic transformation. During 
experimental work of Bansal and Heuer (1974), analyses were not 
performed on single martensite plates, but on plates grouped into 
several categories, and on fully transformed regions. Further 
detailed experimental work on these plates would be welcome and it 
would be particularly interesting if it is found that they involve a 
multiple lattice invariant shear, which could be analysed using the 
generalised CRAB theory (Acton et al. 1971).
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A B C
el:Magnitude 1.0144 1.1062 1.0144
dl:Direction [100] [0.676,0.733,0] [100]
e2: Magnitude 1.0958 0.9443 1.0939
d2:Direction [0,0.780,0.625] [-.733,0.676,0] [0,0.728,0.685]
e3:Magnitude 0.9323 0.9921 0.9340
d3:Direction [0,-.625,0.780] [001]
I
[0,-.685,0.72 8]
} The magnitude (ei) and directions (di) (i=l,2,3) of the 
principal distortions for lattice correspondences A, B and 
C. The directions are given relative to an orthonormal 
basis parallel to the axes of the parent tetragonal lattice.
36
M
(m) [1]
a
(m) [1]
B
(m) [1]
c
(m) [1]
1 (100) to o l ] (ooD [oTo] d o o )  [oTo] (010) [ooT]
2 (110) [11T] (101) [ I t i  ] (10T) [1T1] (110) [11T]
3 (011) [Q1D (110) [ iTq] ( o i l )  [ qTT] (To d  [TqT]
i) (ooT) t i o o ] (oTo) [001] (oTo) [ io o ] ( o o i )  Toio]
5 ( i Tr ) [ n o ] OR1) [101] (1R1) [ i c n ] (11R) [110]',
6 ( n i )  [011] d i p )  [110] ( p i i )  [ o i l ] (Tp T) [To d
.. - ------------- . • ; 1 *
Table 3.2; The six twinning modes in monoclinic zirconia which were 
used as lattice invariant shears (m) [1] in the CRAB theory 
of martensite crystallography. The modes are referred to 
the monoclinic basis M and to the tetragonal basis using 
lattice correspondences A, B and C. Note that modes 4-6 are 
the conjugates of the modes 1-3.
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MODE g f h u
CORRESPONDENCE A
2 0.091 0.123 0.153 -.978 0.140 0.491 -.342 -.800
0.491 -.394 -.776 0.125 -.973 0.191
5 0.124 0.123 0.133 -.983 0.124 0.699 -.289 -.653
0.693 -.343 -.633 0.093 -.981 0.166
CORRESPONDENCE B
2 0.120 0.126 0.140 0.981 -.131 0.512 0.326 0.794
0.510 0.381 0.770 0.110 0.976 -.182
3 0.053 0.130 0.073 0.947 -.310 0.966 0.245 0.078
0.951 0.301 0.056 0.013 0.947 -.320
4 0.122 0.052 0.418 0.824 0.381 0.415 0.817 -.398
5 0.101 0.118 0.142 0.981 -.130 0.685 0.302 0.658
0.683 0.353 0.638 0.104 0.979 -.171
6 0.040 0.135 0.043 0.978 -.203 0.964 0.250 0.086
0.947 0.310 0.070 0.019 0.977 -.212
CORRESPONDENCE C
3 0.170 0.128 0.302 0.951 -.064 0.958 0.016 0.285
0.958 0.075 0.275 0.247 0.965 -.083
6 0.182 0.138 0.310 0.948 -.062 0.966 -.019 0.254
0.968 0.044 0.244 0.249 0.964 -.081
Table 3.3: Predictions of the CRAB theory of martensite
crystallography when modes 1-6 of table 3.2 are used as 
lattice invariant shear systems with lattice correspondences 
A, B and C. Hie lower of the two values of g, and f and the 
associated values of the habit plane normal h, and 
displacement direction u, are given for each mode. Hie unit 
vectors h and u are given relative to the tetragonal basis.
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Type Morphology Habit Planes Mechanisms
I Plate-shaped ~ (301)t 3C2, 3B1
product
II Lenticular ~ (761)t
Plates
III Sheet-like ~ (601)t 6B1
Plates ~ (010)t 2A1, 5A1, 2Blf 5B1
IV Plate-like ~ (111)t- (121)t 2A2, 5A2, 2B2, 5B2
Needles
Table 3.4: Approximate indices of habit planes as observed by Bansal
(1973) together with the modes which predicted similar 
results.
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(m) [1] g f h u
1 (110) [001] 0.124 0.112 0.596 -.794 0.113 -.125 -.163 0.978
0.091 0.205 -.974 -.608 0.791 -.059
2 (110) [110] 0.028 0.155 0.996 0.014 0.080 0.039 -.002 0.999
0.115 -.001 -.993 0.999 0.014 0.003
1 (110) [001] 0.154 0.121 0.363 -.909 0.202 0.050 -.124 0.990
0.028 0.176 -.983 -.372 0.916 -.147
2 (110) [110] 0.026 0.156 0.987 0.013 0.155 0.074 -.001 0.997
0.148 0.000 0.988 0.996 0.013 0.080
; Comparison of the predictions of two slip modes as 
calculated from lattice parameters which were used by Bansal 
and Heuer (1974) and from those determined by Patil and 
Subbarao (1969).
CHAPTER. 4
.4JHEJffigimSITIC. TRANSFORMATION IN. PLUTONIUM, ALLOYS
4.1. INTRODUCTION
The low temperature £  to oc phase change which occurs on 
cooling or deformation of plutonium alloys exhibits many of the 
characteristics of a martensitic transformation. The crystallographic 
characteristics of this transformation have not been elucidated due to 
the lack of a clear correspondence and lattice deformation relating 
the fee &  and monoclinic pC structures. Hie large volume 
contraction of about 20% for this transformation makes it an 
interesting test case for crystallographic concepts. A correspondence 
has been proposed by Lamer (1963) and an associated lattice 
deformation is described by Spriet (1965). However these were found 
to be inconsistent with experimental evidence that the to CC 
lattice deformation involves a contraction normal to the (020)^ 
basal plane. This result is based on the crystallographic texture of 
the <*. phase produced from £  by uniaxial compressive deformation 
(Goldberg et al.1975). Olson and Adler (1984) have recently proposed 
three possible lattice correspondences consistent with this 
contraction. Having defined a lattice correspondence it is possible 
to perform systematic calculations of possible habit planes, shape
deformation and orientation relationship for this transformation which 
could form a basis for comparison with experimental observations.
The CRAB theory (Acton et al. 1970) of martensitic 
crystallography which has been successfully applied in the case of the 
tetragonal to monoclinic transformation in zirconia (Choudhry and 
Crocker 1984) is equally suitable for the £  to eC transformation in 
plutonium alloys. Using the three lattice correspondences suggested 
by Olson and Adler (1984) together with various twinning and slip 
lattice invariant shears, the crystallographic features for this 
transformation have been deduced. Following a description of the 
crystal structures of the two phases and the correspondences in 4.2 
the results of these calculations are presented in section 4.3. These 
predictions are discussed in 4.4 and compared with some recent 
experimental observations of Olsen (1984) regarding the orientation 
relation between the £  and eC phases.
4.2 CRYSTAL. STRUCTURES. AND CQRRESEQNOENCES .
The £ -phase of plutonium has a face-centered cubic structure
with lattice parameter a-=4.637lft. The 0C-phase structure is
monoclinic with 16 atoms per unit cell. The lattice parameters
according to Zachariasen (1952) are a=6.183&, b=4.822ft, c=10.963ft and 
$
^5=101.79. This monoclinic structure can be regarded as a distorted 
modification of the hep structure. Crocker (1971) in examining the 
possible twinning modes in cC-plutonium has explained that (020)^
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can be described as a modified close-packed plane. Olson and Adler 
(1984) have shown geometrically, how a (liDj plane can be 
transformed into (020)^ and determined the relation between lattice 
vectors in the §  phase which become partial lattice vectors in the 
©<rphase. This relation forms the basis for lattice correspondences 
between the two structures. Determination of a three dimensional 
correspondence requires consideration of the relative stacking 
sequence of these planes which is ABC-type in the § -phase and 
ARAB-type in the C<-phase. As for a conventional fee to hep 
transformation, the ABC stacking can be converted to an ABAB sequence 
by a l/6<112>-type shear displacement on alternating (111) planes. 
Olson and Adler (1984) used the three partial lattice vectors which 
can change this stacking sequence to the required form, to generate 
three correspondences for this transformation. Ihe suggested three 
correspondences are ;
f
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The magnitudes and the directions of the principal distortions
for these three correspondences have been calculated and are given in
table 4.1. Note that in all three cases the strains are not all of
the same sign. Hence they represent possible correspondences for the
£  to PC transformation in plutonium. Ihe criteria for the
selection of the most probable lattice deformation for a martensitic
^ s.
transformation includes the minimum deviation of 5Lei from 3 (Crocker
t-i
and Ross 1969). Here ei (i=l, 2, 3) are the magnitudes of the
3 a
principal distortions. The quantity Zei -3, which is a measure of the
strain energy associated with a correspondence is similar for all 
three cases as shown in table 4.1. It is therefore very difficult to 
decide which of these correspondences will be preferred in practice., 
Also direct experimental observations which could help in determining 
which is in fact operative are not available at present.
4.3 ANALYSIS .QE .THE ^MABTEflSITICJTBANSFORMATION
To preform the systematic calculations for crystallographic 
predictions for a martensitic transformation using the CRAB theory, 
the input information required is the parent metric c^j, product 
metric p^j (i, j=l, 2, 3), the correspondence between the two
structures and a lattice invariant shear. The metrics are;
a? 0 0
c. .= n 0
2
a© 0
0 0 a?
 ^ a2 0 accos
Pij= 0 b2 0
accosA 0 c2
where the parameters ^ , a, b, c and 3^ have been defined in section
4.2. As it is difficult to decide which of the three proposed 
correspondences will be most favoured all three are used for the 
calculations. The lattice invariant shear as required by the theory 
can be twinning or slip either in the parent or product structure.
The possible twinning modes in oC-plutonium were deduced by 
Crocker (1971). Seven of these with small twinning shears, which may 
act as the lattice invariant shear during the transformation, are 
given in table 4.2 . This table also shows these lattice invariant 
shears when referred to the parent fee structure using all three 
lattice correspondences. Hence a total of 21 lattice invariant shears 
which are used in the calculations is obtained. If the lattice 
invariant shear is slip in the parent fee structure, then it should 
occur on {111} close-packed planes in <110> close-packed directions. 
The resulting 12 slip systems when used with the three lattice 
correspondences provide 36 independent mechanisms for the 
transformation. If the slip lattice invariant shear occurs in the 
product q structure, the most likely slip dislocations should have 
Burgers vectors [010Joc or [100] ^ the two most closely packed 
directions. Interactions between these could also produce stable 
dislocations with [110]^  and [110]* Burgers vectors. Experimental 
information on the slip direction is unfortunately lacking although 
many slip planes have been reported by Bronisz et al. (1965) and 
Liptai et al. (1970). The slip lattice invariant shears in the oC- 
structure were chosen during this study to be consistent with the 
above mentioned slip directions and included many of the systems 
reported experimentally. These shears in the oC-structure and the 
corresponding shears referred to the £ -phase are given in table 4 .3 . 
It is to be noted in table 4 .3 , that various distinct slip modes in 
the Ot- structure behave similarly through the correspondence, for 
example modes 2, 3, 4 and 5.
Using all of these twinning and slip lattice invariant shears,
the crystallographic predictions for this martensitic transformation
have been obtained. For a given set of data the CRAB theory (Acton et 
al. 1970) provides two values for the magnitude of the lattice 
invariant shear (g) and shape deformation (f). Each value of g and f 
gives two values for the habit plane (h) and direction (u) of the 
invariant plane strain. The associated orientation relations between 
the planes and vectors in the two phases can also be determined using 
computer programs based on the CRAB theory. All the results are with 
reference to the parent structure.
Mechanisms which are likely to be operative in practice are
expected to have small values of g and f, and when the lattice 
invariant shear is twinning, values of g less than zero and greater 
than the twinning shear are not allowed. There is no restriction on 
the sign of g if the lattice invariant shear is slip. The minimum
values of g and f found during these calculations were 0.053 and 0.32 
respectively. Hence for slip it was considered reasonable to fix the 
upper limit for g=0.20 and for f=0.42. Only those lattice invariant 
shears and corresponding crystallographic predictions which obey the 
above mentioned criteria for g and f are reported. Another important 
criterion for the selection of possible operative mechanisms is the 
comparison of the predicted orientation relations with the 
experimentally observed values. Recent experiments by Olsen (1984) 
indicate a $, to ot orientation relation involving parallelism of 
the (lH)g and (020)^ planes and parallelism of the closest-packed
_ e
[110]^ and [100]^  directions within an expermental uncertainty of 1.
Therefore only those h and u for which the value of the angle Q
less than 7 are given along with other crystallographic predictions.
Of the 21 twin lattice invariant shears of table 4.2, only 
three provided acceptable real solutions. Hiese are given in table 
4.4. However only the smaller of the two values of g and f is quoted. 
In general the second values of g are about three times larger and the 
second values of f about 25% larger. The habit plane normals (h) and 
direction of the shape deformation (u) are given corresponding to the 
smaller values of g and f. Values of g given in table 4.4 are 
relative to the parent phase. The corresponding values of g in the 
product phase are given in the caption of table 4.4. Lattice 
correspondence I gave real solutions only when modes 6 and 7 were 
used. In each case the value of g is positive and less than the 
twinning shear and thus acceptable. The values of Q  and ^  agree 
with experimental values only for the first values of h and u, in mode 
1.6. A real solution was obtained with lattice correspondence II only 
when mode 1 was used. However the magnitude of the shear strain is 
greater than the twinning shear which makes this mode impossible as 
more than 100% of the material can not be twinned. Correspondence III 
provided real solutions only for mode 3 and 4. Values of g relative 
to the product structure for these modes are 0.065 and 0.053 
respectively which are much smaller than the twinning shear so that 
only a small portion of the material needs to be twinned. In both 
these modes the values of $  and agree with the experimental 
observations for the second value of h and u. The magnitude of the 
shape deformation f for the twinning lattice invariant shears of table 
4.2 is about 0.32. Table 4.4 also shows that the shear strain is
minimum when lattice correspondence III is used and agreement with the 
observed orientation relation is better.
When the slip lattice invariant shear occurs in the <?£-phase, 
the twenty-two slip modes of table 4.3 for each of the three lattice 
correspondences were used in the calculations. Crystallographic 
predictions for this §  to transformation are given in table 4.5. 
Only modes 8, 10, 12, 14, 17 and 9, 13, 17, 18, 21, 22 with
correspondences I and III respectively have reasonable values of g and 
f. None of the shears of table 3 when used with correspondence II , 
suggested an operative mechanism for this transformation within the 
set criteria. The results of table 4.5 also indicate a smaller value 
of shear strain and shape deformation in the case of correspondence 
III and a better agreement among the observed and calculated 
orientation relations. In all these cases at least one pair of 
vectors h and u satisfies the observed orientation relation.
The results for parent slip lattice invariant shears are given 
in table 4.6. Two modes with correspondence I and four with 
correspondence III provide a satisfactory mechanism for the 
transformation. None of the shears of type {111}<110> with
correspondence II result in a value of g <0.20 and f <0.42. Table 4.5
also shows that the values of g and f are smaller when lattice
correspondence III is used and 6  and cp are nearer to zero.
The habit plane results (h) are plotted on a standard parent 
stereographic triangle in figure 4.1. They lie in a broad band across 
the centre of the triangle between 112 and 122. The correspondence I
and III solutions are distinguished by diffrent symbols and former 
tend to lie closer to 111.
4.4 DISCUSSION
The S  to ?C phase transformation in plutonium alloys, if it 
proceeds as suggested by Olson and Adler (1984) can be compared with 
the transformation in cobalt. A shear of 1/6<112> on alternating
(111) planes in the structure would result in a shear strain of 0.35. 
Many of the shape deformations calculated using the three Pu 
correspondences are approximately 0.35 which is consistent with the Co 
mechanism. The smallest value is 0.32. A special feature of the fee 
to hep transformation is that there are three equivalent shear 
directions in each {111} plane, the net effect on the atomic 
arrangement of a displacement in any of these three directions being 
the same. This means if the alternate atomic planes do not move 
relative to one another in a common direction, but randomly in the 
three equivalent directions, there will be no macroscopic shape 
deformation and accompanying strain energy. Therefore Olson and Adler
(1984) suggested a fourth correspondence which is an equal combination 
of the three shears of correspondences I, II and III. However this 
new correspondence gives the same sign for all three principal 
distortions and can not therefore generate real solutions unless a 
second lattice invariant shear is introduced. Other combinations of 
the three correspondences might also be considered and if one of the 
correspondences predominates some real solutions are likely with a
shape deformation less than 0.32. However before making arbitrary 
assumptions about possible averages of the correspondences it is very 
desirable to obtain experimental information on shape deformations.
Detwinning in the parent phase which can act as a lattice 
invariant shear is unlikely in this transformation due to the 
difficulty of forming twins in the £  structure. If twinning in the 
PC phase does play a role in the transformation, then the predictions 
of table 4.4 clearly advocate in favour of correspondence III and 
modes 3 and 4 of table 4.2. These two modes give real solutions and 
minimum values of the shear and shape deformation and a closer 
agreement with the observed orientation relationship. Hie calculated 
habit planes and directions of the shape deformation for these modes 
are not of the type {111} and <112> as observed in the transformations 
in cobalt. Correspondence I provides real solutions for the twinning 
shear of mode 6 and 7 which are unlikely to be operative due to the 
fact that they involve more complex atomic shuffling mechanisms. Hie 
slip lattice invariant shear in both parent and product phases favours 
correspondence III giving smaller values for g and f. Slip can occur 
on {111} in <110> in the parent fee structure. Slip on (111), (112),
(114) and (118) in Ct plutonium has in fact been observed 
experimentally (Bronisz et al. 1965, Liptai et al. 1970).
It is interesting that none of the shear modes result in real
solutions for all three correspondences. This clearly reflects the 
significant difference between the correspondences despite the fact
that they become equivalent in the cobalt transformation. Note that
although no results for correspondence II are quoted here, real
solutions were obtained for various modes but had large values of g
and f. At present twinning on (100)^ and (001^ with correspondence
III appears to provide the best mechanisms for the transformation.
The ultimate determination of the operative correspondence and lattice
invariant shear for the £  to oC martensitic transformation in
plutonium alloys requires further experimental observations such as
the habit plane, shape strain and direction of the shape deformation.
The predictions of tables 4.4, 4.5 and 4.6 provide a basis for
comparison with such experimental observations. More refined
measurements of the orientation relationship and the magnitude of the
shape deformation would probably not help as many of the predictions
©
for the former are about 2 and for the latter about 0.35. In 
particular determination of the habit would be invaluable especially 
as pole 2 in figure 4.1 is fortuitously on the edge of the scatter of 
predictions. Clearly the key experiment would be to determine the 
lattice invariant shear mode using electron microscopy but on this 
particular material this may be beyond available experimental 
techniques.
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I II III
el; 0.938 1.132 0.758
<31; [.833 ,-.546 ,.084] [.632,-.187,.752] [.994,.098,.037]
e2; 1.114 0.912 1.083
d2; [.552,.818,-.156] [.771,.058,-.633] [-.100,.791,.603]
e3; 0.767 0.776 0.976
d3;
3 2. 
2.ei
[.016,.177,.984] 
-3 -0.289
[.074,.980,.181] 
-0.282
[.029,-.603,.796] 
-0.298
.? The magnitudes (e) and directions (d) of the principal 
distortions for correspondence I, II, and III togather with
3 Z
the quantity Aei -3.
m Mode s I II III
1 (001)[100] 0.159 (111) [110] (113)[110] (113)[110]
2 (201)[102] 0.159 (110)[112] (531)[112] (351)[112]
3 (001)[100] 0.417 (111) [110] (113)[110] (113)[110]
4 (100)[001] 0.417 (351)[314] (975)[314] (5,11,1)[314]
5 (401)[104] 0.129 (791)[538] (19f 13,7) [538] (11,21,1)[538]
6 (101)[101] 0.167 (173)[514] (7,9,11)[514] (3,13,7)[514]
7 (103)[301] 0.167 (915)[374] (15,1,13)[374] (11,5,17)[374]
Table 4.2; Possible twinning modes in c*.-plutonium and the 
corresponding shear systems in the £  phase. Note that 
modes 5, 6 and 7 involve more complex shuffle mechanisms
than modes 1 to 4.
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m Mode I II III
1 (010) 100] (111) [110] (111)[110] (111) [110]
2 (100) 010] (351)[112] (975)[121] (5,11,1) [211]
3 (101) 010] (531)[112] (11,5,1)[121] (795)[211]
4 (101) 010] (173)[112] (7,9,11)[121] (3,13,7)[211]
5 (102) 010] (713)[112] (13,3,7)1121] (9,7,11)[211]
6 (102) 010] (195)[112] (5,11,17)[121] (1,15,13)[211]
7 (111) 110] (537)[132] (15,1,19)[141] (11,5,15)[031]
8 (111) 110] (913)[132] (19,3,7)[141] (15,1,3)[031]
9 (111) 110] (3fll,l)[312] (1,17,3)[301] (5,21,1)[411]
10 (111) 110] (175)[312] (3,13,9)[301] (1,17,13)[411]
11 (112) 110] (359)[132] (13,3,25)[141] (9,7,21)[031]
12 (112) 110] (11,3,1)[132] (21,5,1)[141] (17,1,3)[031]
13 (112) 110] (5,13,1)[312] (3,19,9)[301] (7,23,5)[411]
14 (112) 110] (357)[312] (5,11,15)[301] (1,15,19)[411]
15 (114) 110] (15,7,3)[132] (25,9,11)[141] (21,5,15)[031]
16 (114) 110] (1,9,13)[132] (9,7,37)[141] (5,11,33)[031]
17 (114) 110] (7,1,11)[312] (9,7,27)[301] (5,11,31)[411]
18 (114) 110] (9,17,5)[312] (7,23,21)[301] (11,27,17)[411]
19 (118) 110] (9,17,21)[132] (1,15,61)[141] (3,19,57)[031]
20 (118) 110] (23,15,11)[132] (33,17,35)[141] (29,13,39)[031]
21 (118) 110] (17,25,13)[312] (15,31,45)[301] (19,35,41)[411]
22 (118) 110] (15,7,19)[312] (17,1,51)[301] (13,3,55)[411]
Table 4.3: Some of the possible slip systems in ^.-plutonium and the
corresponding systems in the phase with respect to
correspondences I, II and III,
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Mode g f h u
1 1.7 0.129 0.316 (.328,.456,.826) [.174,.240,-.956] 0.85 2.34
2 III.3 0.065 0.323 (.824,.529,.199) [-.950,.262,.164] 1.94 2.40
3 III.4 0.053 0.318 (.831,.482,.275) [-.951,.245,.185] 1.66 2.44
Table 4.4: Crystal log raphic predictions for the &  - oC phase
transformation in plutonium alloys if the lattice invariant 
shear is twinning. The number in the first column is the 
number assigned to each mode. In the column headed "Mode", 
N.m defines the correspondence N and lattice invariant shear 
m from table 4.2. Columns g and f contain the magnitude of 
the shear and the total shape deformation respectively. The 
vectors h and u give the habit plane normal and the/v
direction of the shape deformation. The values of g when 
referred to the product structure are 0.144, 0.063
and 0.053 respectively. The calculated values of the angles 
between [110]g and [100] ^  and (Hl)y and (020)^ are 
given by Q  and cf> in degrees.
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Mode 9 f hA/ u e *
4 1.8 -.135 0.340 (.344,.626,.699) [.125,.105,-.986] 5.55 4.98
5 1.10 0.155 0.386 (.351,.637,.686) [-.005,.244,-.969] 4.06 1.37
6 1.12 -.156 0.316 (.424,.544,.722) [.137,.056,-.988] 3.49 5.09
7 1.14 0.135 0.389 (.448,.564,.692) [.076,.230,-.970] 2.57 2.23
8 1.17 0.178 0.425 (.588,.447,.673) [.149,.217,-.964] 3.89 5.15
9 III.9 0.157 0.396 (.689,.671,.270) [-.974,.222,.088] 2.40 2.69
10 III.13 0.097 0.363 (.745,.610,.265) [-.962,.213,.164] 2.17 2.11
11 III.17 -.132 0.330 (.863,.383,.327) [-.912,.189,.362] 4.18 1.66
12 III.18 0.073 0.349 (.774,.568,.277) [-.956,.210,.201] 2.17 1.71
13 III.21 0.067 0.343 (.790,.542,.284) [.952,-.207,-.224] 2.29 1.48
14 III.22 -.085 0.332 (.831,.463,.305) [-.935,.199,.292] 2.97 1.03
Table 4.5; Crystal log raphic predictions for the &  - ©C
transformation in plutonium alloys when the lattice invariant 
shear is slip in the product phase. For the notation used 
see the caption of table 4.4.
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Mode g f h u € 4>
15 (111)[101] -.155 0.376 (.424,.431,.796) [.318,.185,.929] 6.01 1.77
16 (111)[101] -.135 0.394 (.431,.585,.686) [.211,.123,-.969] 4.46 4.12
17 (111)[110] 0.083 0.359 (.805,.550,.219) [-.938,.322.127] 1.77 2.69
18 (111)[101] 0.052 0.341 (.780,.481,.398) [-.960,.178,.213] 2.57 1.60
19 (111)[110] -.082 0.362 (.757,.587,.285) [-.959,.264,.091] 2.06 4.29
20 (111)[101] -.055 0.336 (.819,.427,.382) [-.944,.210,.252] 1.77 2.00
Tahlg 4.6; Crystallographic predictions for the &  ~ ©C
transformation in plutonium alloys when the slip lattice 
invariant shear takes place in the parent phase. In the top 
two modes, lattice correspondence I and in the bottom four 
modes correspondence III was used. For the notation used see 
the caption of table 4.4.
2.1.2 Equation of State for Non-gaseous Fluids
From sub-section 2.1.1 above, which offers comments 
only on a selection of general equations of state, it is 
clear that despite the many man-years of effort which have 
been expended in their development, we still have a long 
way to go before the volumetric behaviour of complex fluids 
can be described to acceptable accuracy in the liquid state 
by equations applicable to liquid, vapour and supercritical 
states. One must therefore look to the more specialised 
equations developed specifically for liquids to find more 
accurate descriptions of liquid P,V,T behaviour.
Many attempts have been made to derive compressibility 
equations from the molecular theory, but none of them has 
resulted in a convenient equation expressing the results 
of experiments within adequate accuracy because the deriva­
tion of a P-V relation for a real liquid involves the solu­
tion of a very difficult many-body problem, where restrict­
ion to pairwise interactions is usually improper. So the 
best model is only best in a relative sense, i.e. the best 
of those available for comparison with specific data. It 
is extremely unlikely that there exists a universal equation 
of state of a useful degree of simplicity. To meet this 
need it is necessary to employ some empirical equation, the 
sole justification for which is that it works.
The two most commonly used equations are those due to 
Tait and Huddleston.
CflflETEELS
5. DISLOCATIONS. AND. INTERPHASE. BOUNDARIES
5 .1. INTRODUCTION
The well established phenomenological theories of the 
crystallography of martensitic transformations (Christian 1965) based 
on the concept of the invariant plane strain, predict the 
crystallographic and macroscopic features of these transformations. 
The theories were developed thirty years ago when it was impossible to 
consider the detailed structure of the interphase boundaries, as 
little relevant experimental information was available. However, with 
the development of new experimental techniques since that time, 
particularly transmission electron microscopy (TEM), a wealth of 
detailed information on the substructure of martensite plates has 
become available.
These theories predict the crystallographic features of many 
martensitic transformations satisfactorily. However there are 
important exceptions, including some transformations in steels which 
remain poorly understood. Two of these failure are the formation of 
heavily dislocated lath martensite with a habit plane close to {111} ,
and the formation of twinned plate martensite with a habit plane close 
to {225} Here the indices refer to the parent f.c.c. phase. The 
application of the theories of martensite crystallography to such 
transformations has been restricted due to lack of accurate 
crystallographic and substructral data. However during the last few 
years, investigation of the interfaces has been carried out by direct 
lattice resolution TEM experiments (Cline et al. 1971, Knowles and 
Smith 1981, Wakasa et al. 1981). The computer simulation technique 
has also been employed to study the atomic structure of interphase 
boundaries by Barcelo and Crocker (1982) and Sutton and Christian 
(1982).
A fundamental assumption used by phenomenological theories of 
martensitic crystallography is that the product phase has been sheared 
by a lattice invariant strain. This strain terminates at the 
interface in a series of steps, which may be regarded as dislocations. 
The propagation of these dislocations controls the migration . of the 
interface. The existence of a glissile product/parent interface is 
necessary in this type of transformation. In a general case a 
martensitic interface is semicoherent and contains misfit dislocations 
or connects finely twinned product regions to the single crystal 
parent phase. In a simple case there is only one set of parallel 
misfit dislocations. A fault-free martensite lattice can be produced 
only if the Burgers vectors jD of the dislocations are corresponding 
lattice vectors in both the parent and martensite lattices. The 
conservative movement of the interface requires the b-vector to have a 
component normal to the interface unless the dislocations are pure 
screw. A further requirement for glissile movement of the interface
is that the geometrical glide planes of the dislocations are
corresponding lattice planes in the martensite and product lattices, 
which meet edge to edge in the interface along the invariant line. 
These glide planes are defined by the b-vectors in the martensite and 
parent phase, and by the dislocation line direction. When the 
interface moves, the dislocations accomplish the lattice invariant 
shear. All of these considerations are most evident from the
formulation of Bullough and Bilby (1956), which treats the interface 
as a continuous surface distribution of glissile dislocations. The
net misfit dislocation content of a semicoherent martensite interface 
is given by the Frank-Bilby (1950, 1955) equation 
b=(S-I)p (1)
where b is the dislocation content and p is any vector in the 
interface except the invariant line. Christian and Crocker (1980) 
have demonstrated the formal equivalence between this equation and the 
basic equation of the Olattice theory developed by Bollmann (1970).
In the present study an attempt has been made to investigate the 
dislocation networks in interphase boundaries, using the computer 
simulation technique. This has been proved very successful in 
explaining the microscopic structure of interfaces and has provided 
much information. For example twin, twist and tilt boundaries in 
single crystals were investigated by Bristowe and Crocker (1977), 
Ingle and Crocker (1980) and Vitek et al. (1980). Barcelo and 
Crocker (1982) considered a b.c.c/h.c.p interface and Sutton and 
Christian (1982) have investigated f.c.c./h.c.p. interfaces. As yet 
b.c.c./f.c.c. interfaces have not been investigated using the 
computer simulation technique. In the present study these interfaces
were examined because of their importance in transformations in steels 
and copper-chromium alloys. Special consideration was given to the 
dislocations and symmetry changes during relaxation at the interfaces. 
Section 5.2 describes briefly the computational procedure and 
potential used. The models used for the simulation of (100)^/(100) f 
and ( 0 1 1 ) (111)^ interfaces are given in section 5.3 and the results 
obtained presented in section 5.4. These results have been compared 
with available experimental information and the relevance to 
transformations in steels is discussed in section 5.5. In chapter 6 
the special case of the structure of the (522) ^  interphase boundary in 
steels is considered in detail.
5.2. COMPUTATIONAL. PRCCEDUEE^LJEQmTIAL^
Atomistic simulation techniques were employed to investigate the 
structure of the interphase boundaries. These simulation techniques 
of the discrete lattice can be classified into two approaches; the 
real space method and the reciprocal space method. Both methods have 
their own advantages and disadvantages and have been compared in 
detail by Bristowe (1975) and Doneghan (1976). During the present 
calculations the real space approach (Tewordt 1958), was adopted. In 
this method (Tewordt 1958, Gibson et al. 1960) , a set of atoms is 
defined in which each atom is given a full three degrees of freedom 
for relaxation. Conventionally the resulting crystallite is divided 
into two regions, Region I, also called computational cell, contains 
atoms whose behaviour is to be studied and which are free to move to
their equilibrium configuration. Region II, the outer mantle,
contains atoms which may or may not be free to move depending on the
type of boundary condition imposed. The main purpose of the outer
mantle is to simulate an infinite crystal or at least to ensure that
every atom in the computational cell has a complete set of
neighbouring atoms lying within the range of the interatomic
potential. The boundary conditions can be (i) rigid (ii) periodic and
(iii) elastic according to the requirement of the problem. In order
to simulate an infinite crystal periodic boundary conditions are used.
After the introduction of the defect to be studied in the model, the
energy is minimized using an iterative procedure, which displaces
individual atoms in such a way that the potential energy of the whole
system is reduced to a minimum. This represents the configuration and 
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energy at 0 K. The interactions are defined through an interatomic 
potential. This potential should be capable of producing a stable 
lattice and retaining the correct lattice structure against small 
homogeneous deformations. Thus once the interatomic potential and 
boundary conditions have been specified for N atoms in a computational 
cell, the problem reduces to 3N simultaneous equations of motion to be 
solved in order to obtain the relaxed configuration.
The results presented in this and the next chapter were obtained 
using a standard lattice defect computer package called DEVIL(Defect 
Evaluation In Lattices) orginally written by M. J. Norgett at A. E. 
R. E. Harwell. It has been described in detail by Bristowe (1975), 
Doneghan (1976), Ingle (1977) and Faridi (1978). Only a brief 
description is given in this section.This program consists of a set of 
standard FORTRAN subroutines which can
(i) generate the perfect crystal
(ii) specify the interatomic potential
(iii) create the defect
(iv) minimise the energy of the model.
These subroutines have been modified and some new subroutines have 
been added to the program according to the requirements of the defects 
to be studied. The main input data supplied to the program, in order 
to construct a perfect model crystallite, are the choice of the 
crystal structure, its specifications in terms of three translation 
vectors and a basis, and the parameters defining the size, shape and 
orientation of the crystallite. After creating the perfect 
crystallite ,the defect is introduced in the inner region. The energy 
of the model is calculated. The model is then allowed to relax to the 
minimum energy by using the method of conjugate gradients as described 
in detail by Bristowe (1975).
To devise a mathematical model for defect caculations, the 
lattice energy is defined as a function of the position of all the 
atoms in the lattice. It is assumed in developing the potential 
function that the atoms interact with one another by central two-body 
forces. Empirical atomic interactions are based on simple analytical 
expressions. The forces are adjusted so that the potential matches 
various known physical properties of the material. Almost all forms 
of interatomic potential which exist at present are empirical to some 
extent due to the approximations necessary to overcome many-body 
problems. The Born-Mayer and Morse repulsive potentials have been 
used for defect studies by several research workers ( Tewordt 1958, 
Gibson 1960, Johnson and Brown 1962, Seeger et al. 1962, Erginsoy et
al. 1964) It was noticed that a Born-Mayer type potential can not in 
general lead to a satisfactory fit to the elastic constants. Johnson 
(1964) developed an empirical potential for alpha iron consisting of 
three cubic .splines which was extended to the face centred cubic 
structure (Johnson 1966). Ihis equilibrium potential was of 
short-range, involving distances up to second nearest neighbour for 
b.c.c alpha-iron. The elastic constants were forced to satisfy the 
Cauchy relation. Since that time many potential functions consisting 
of up to ten cubic splines (Duesbery et al. 1973, Doneghan, 1976, 
Baskes and Melius 1979, Miller 1980) and involving many-body 
interactions (Finnis and Sinclair 1984) have been developed for 
different materials. The potential function consists of two parts: a
volume dependent term which simulates the cohesive energy arising from 
the free electron gas and a central pairwise term which describes the 
ion-ion interaction. ttie total potential energy of a crystal 
containing N atoms can be written as
Eo=lv(jr.- rj) ) +NP-ft- 
where V(r) is the pair potential,^, is the atomic volume and P is the 
Cauchy pressure applied to the crystal to maintain the correct lattice 
parameter (Duesbery 1972). The pressure P is calculated from the 
lattice equilibrium condition
dEo/drl = 0    (3)
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where 'a' is the experimental lattice parameter. For a cubic crystal 
this is given by
P= 1/2* (Cja- C^)  (4)
where C ^  and C ^  are elastic constants. When ,the
pressure on the crystal is zero and the potential is an equilibrium
Hie Johnson (1964) Jo equilibrium potential for alpha-iron, 
becomes non-equilibrium for gamma-iron i.e a pressure on the crystal 
is required to keep the lattice parameter correct. Since this 
potential terminates before second nearest neighbour separation in the 
f.c.c. structure it can be used as an equilibrium potential for a 
f .c.c. structure which has a larger lattice parameter than 
gamma-iron. The calculations on interphase boundaries reported in 
this chapter were performed using this potential . Hiis choice was 
made because this potential has been widely used for defect 
calculations for alpha-iron (Johnson 1964, Bristowe and Crocker 1977, 
Malik 1982), has proved reliable and can be used for an f.c.c. 
structure (Johnson 1966). For b.c.c./f.c.c. interphase boundaries in 
iron, this equilibrium potential has limitations. Hius (i) the 
lattice parameter for the f.c.c structure is larger than the lattice 
parameter of gamma-iron and (ii) the binding energy per atom on the 
two sides of the interface is slightly different. Although these 
factors are important, it was considered to be worthwhile to 
investigate the structure of some interphase boundaries using the Jo 
potential.
5.3. INTERPHASE BOUNDARIES
5.3.1. INTRODUCTION
In recent years the nature of coherent and nearly coherent 
(dislocation) interphase boundaries has been the subject of a 
number of investigations (Walter et al. 1969, Weatherly et al. 
1971, Hall et al. 1972, Ecob and Ralph 1982). These have served 
to advance our understanding of the factors which influence the 
character and kinetics of misfit accommodating interfacial 
dislocations. Earlier, these investigations were performed on 
systems where the crystal structure parameters of the two phases 
were such that the lattice planes forming the interface matched 
well. The result was that the existence of the dislocation or 
fully coherent boundaries observed experimentally was essentially 
predictable. A few attempts have also been made to investigate 
situations in which equivalent structural reasoning would not 
conventionally lead to prediction of a dislocation interphase 
boundary. Research on the structure of interphase boundaries can 
be divided into two areas, theoretical and experimental. With 
specific regard to b.c.c./f.c.c. interfaces, the experimental 
identification of the orientation relationships and habit planes 
has been carried out both in partially transformed microstructures 
(Watson and Macdougall 1973, Purdy 1978) and averaged equilibrated 
samples (Hu and smith 1956, Hall et al. 1972, Sandvik et al.
1983). Clearly only the latter are of interest with respect to the 
modelling of low energy interfaces. Moreover, in the b.c.c./f.c.c. 
case, it is not certain what type of interfacial structure exists. 
Some authors conclude that the match between the structures is 
insufficient for the production of a dislocation interface between 
them (Brooks 1952, Paxton 1957). Several reports have also been 
made of the observation of misfit dislocation required to 
accommodate the mismatch between (011)^/(111) ^  stacks of planes 
(Baro 1973, Sandvik et al. 1983). These reports in general 
indicate that this is the only set of misfit dislocation present. 
Kinsman et al. (1975), from observation of the thickening kinetics 
of Widmanstatten ferrite in an austenitic matrix, concluded that 
the b.c.c./f.c.c. interface must be partially coherent.
The theoretical approach to two-phase boundaries has been 
reviewed by van der Merwe (1974). He points out that all the 
models of interfacial structure depend on the assumption that the 
system is at equilibrium, i.e. the theories in general attempt to 
predict a structure of minimum free energy. Thus, the Frank-van 
der Merwe model (1949) and Fletcher variational method (1969) 
essentially rely on calculating atomic displacements on either side 
of the interface such that an equilibrium boundary structure 
results. Both analyses implicitly generate misfit dislocations, 
whereas Brooks (1952) started from the analogue of a low angle 
singl^jphase boundary and used a Volterra type dislocation approach. 
He derived an expression for the energy component of the partially 
coherent interface which is associated with the dislocations. The 
purely geometrical approaches, of which the most general is the
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O-lattice theory developed by Bollmann (1970), offer a description 
of the distribution of the regions of best matching between two 
perfect unrelaxed crystal lattices, with a given orientation 
relationship. Ihe O-lattice procedure predicts only the 
periodicities within any boundary, which consists of regions of 
geometrical match separated by dislocations. Hie energy of a 
boundary has to be modelled outside the framework of the purely 
geometrical part of Bollmann's theory. Another geometrical model 
of the b.c.c./f.c.c. interface has been developed by Hall et al. 
(1972), Russell et al. (1974) and Rigsbee and Aaronson (1979) 
culminating in a theory described by Rigsbee and Aaronson (1979), 
again based on an attempt to predict boundaries of minimum energy. 
Ecob and Ralph (1981,1982) adopted a model, which is a slight 
modification of Bollmann's approach, and is based on a parameter 
designed to vary in the same way as the energy of interaction of 
interfacial dislocations. It therefore represents another attempt 
to predict the boundaries of low energy and can not be related in 
any way to the interfaces found during transformation. As long as 
the process of phase transformation with associated interfacial 
migration, or coherency loss are in action, then kinetic controls 
on the nature of the interphase boundaries outweigh the 
thermodynamic ones (Aaronson 1974). Only the morphology of 
considerably over-aged precipitates can give a true indication of 
the relative favourabilities of different b.c.c./f.c.c. 
interfaces. Ecob (1982) applied this geometrical analysis in 
particular to b.c.c./f.c.c. interfaces which had not been 
described previously in terms of misfit dislocations, though no 
interatomic potential calculations were performed. It is the aim
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of the present study to find the relaxed structure, energy and 
dislocation networks for b.c.c./f*c.c. interfaces using 
interatomic potential.
5 JEB.E jllfffflj-j/ (1001^ -B. .-C«C«/F.C.C.. _ ^INTERFACE.
The Johnson (1964) J0 potential, when used as an equilibrium 
potential, produces a lattice parameter 2.86A* for the b.c.c 
structure and 3.70& for the f.c.c. structure. The lattice 
parameter ratio is 1.2937 which is higher than the 
austenite/ferrite ratio of 1.255. For the study of the 
(100)^/(100)  ^ interface, a perfect f.c.c crystallite with 
orthogonal axes [011][100]  ^and [011]  ^was generated using the 
DEVIL program. A two-dimensionally periodic model is required for 
the study of an interface. Hie periodic boundary conditions have 
to be applied in the [011] ^  and [011] ^  directions, which make the 
model infinite in these directions. This imposes the condition on 
the size of the crystallite that, in the directions of the periodic 
boundary, it should be an integral multiple of the repeat distance 
in that direction. Hiis implies that one should find 'm1, the 
number of f.c.c. planes, which will match exactly with 'n1, a 
number of b.c.c. planes, where fmf and fnf are integers. These 
conditions are satisfied with 24{011} f.c.c. planes with 
interplaner spacing 1.308A*which match within 0.2% to 22(010} b.c.c 
planes with interplaner spacing 1.43A. Hie size of the 
computational model chosen had 24(011)14(100)f and 24(011)£
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planes, The periodic boundary conditions were imposed in the 
[011]  ^and [011]f direction, A fixed boundary was maintained in 
the [100]f direction. The upper half of the model was converted 
into the b.c.c. structure with the dimensions 22(001)7(100)^ 
and 22(010)k planes. The upper mantle was also converted into the 
b.c.c. structure so that it can provide b.c.c. neighbours for the 
upper half of the model.
The model crystallite now consists of two parts; the f.c.c. 
lower half with axes [011]p  [100]  ^ and [011]  ^and the b.c.c. 
upper half with axes [010][100]^ and [001]^ respectively. At 
the interface 24(011)f and 24(011)f planes meet 22(010)b and 
22(001)k planes. The misfit is spread along the entire interface 
in the [011]  ^ and [011]  ^directions. The total misfit is a [011]f 
and a[011]^f where 'a* is the lattice parameter of the f.c.c. 
phase. The model is as shown in fig. 5.1, when viewed along 
[011]^. This figure shows only two planes represented by *+' and 
f* * at the centre of the model. A misfit of a/2[011]  ^is shown at 
the interface by the two rows of '*1 representing atoms in the same 
plane. This fig. also shows a misfit of a[011]^ distributed along 
[011] £ at the interphase boundary. A view of this interface along 
[100]  ^is shown in fig. 5.2. This figure consists of two planes 
one from the f.c.c. phase and one from the b.c.c. phase. The 
symbol '*1 represents atoms from the f.c.c. phase while the atoms 
from the b.c.c. phase are shown by *+*. Hie figure shows that the 
lattice points in the two lattices come closer to one another 
towards the centre where they are superimposed. Therefore in this 
central region at the interface the atoms are closer than the
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nearest neighbour distance in either phase. In this region which 
is symmetric around the centre the atoms form an unstable high
energy configuration and would like to relax.
For the symmetry considerations at the interface, fig. 5.2 
was considered to be a two-dimensional unit cell. The locations of 
symmetry elements at this interphase boundary are shown 
schematically in fig. 5.8(a). These elements involve four-fold 
and two-fold rotation axes, mirror planes and glide planes. The 
symmetry of this boundary is defined by the symbol p4mm.
5.3.3 JIBE. (011)^/(111) f.B.C.C./F.C.C.. .INTERFACE.
For the study of the (011)^/(111) ^  interface a rectangular
model crystallite of perfect f.c.c. structure with axes [112]^,
[111]^ and [110] £ was generated using the DEVIL package. A lattice 
parameter of 3.70& was used. The upper half of the computational 
model was converted into the b.c.c. structure with lattice
parameter 2.86A and axes [011]b, [011]b and [100]b. With these 
lattice parameters for the f.c.c. and the b.c.c. phases, 48(112)f 
and 24(110)£ planes match within 0.4% and 0.2% to 18(011)b and
22 (100) b planes respectively. Periodic boundary conditions can 
therefore be applied in the [112] ^  and [110] ^ directions which will 
make the interface infinite.
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The computational model consisted of 48(112) 8(111)  ^ and
24(110)f planes in the lower half and 18(011)^ 8(011)^ and 22(100)^ 
planes in the upper half. A fixed boundary was maintained in the
[111]^ direction. The upper mantle was also converted into b.c.c. 
structure. The boundary conditions ensure that each atom in the 
computational cell interacts with a full quota of neighbours. Ihe 
interface is parallel to the (111)^ or (011) ^  planes and is 
two-dimensionally periodic. At the interface there will be two 
sets of dislocations. The first set will be due to matching of the 
48(112) ^  planes with the 18 (011) ^  planes which result‘'in a misfit 
of a[112]^. The second set will be due to matching of the 24(110)  ^
planes with the 22(100)^ planes resulting in a dislocation content 
of the a [110]£. Here 'a1 denotes the lattice parameter of the 
f.c.c. phase. Fig. 5.3 shows two planes of atoms at the centre 
of the computational cell represented by two symbols *+* and f* r, 
when viewed along [110]^. A mismatch of a/2[110]  ^along [110]  ^ at 
the interface is visible by the same type of symbols facing each 
other. This occures at both the left and right hand sides of fig.
5.3. This figure also shows the mismatch at the interphase 
boundary in the [112]f direction.
A view of the (011)^(111) ^  interface along the [lll]f 
direction is shown in fig. 5.4. This shows only two planes of 
atoms one from the f.c.c. phase and one from the b.c.c. phase. 
The atoms from the f.c.c. phase are indicated by the symbol ' + * 
and those from the b.c.c. phase by '*'. Hie mismatch in the
[112] £ and [110] f directions can also be seen in this figure. At 
the centre of each edge, there is an area where the symbols are
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drawn above each other. Atoms in these areas are closer than the 
first nearest neighbour distance in either phase. Neither the 
(111)^ planes nor the (011)^ planes would like these atoms to stay 
there. Therefore maximum displacement of atoms is expected in 
these areas , which form a sort of two-dimensional 1 super-lattice1. 
Hie 'superlattice' is seen to have a 'face-centred rectangular* 
unit cell. The shape and dimensions of this unit cell will change 
with change in orientation and lattice parameter ratio of the two 
lattices. This model is in Nishyama-Wasserman orientation 
relationship. With a lattice parameter ratio of 1.2937 the 
dimensions of the 'super-lattice* unit cell are 31.46^ and 36.40&. 
Hall et al. (1972) and Russell et al. (1974) investigating the 
(011) jy/(111)f interface in Cu-Cr alloys have pointed out that, if a 
(011) k plane is superimposed on a (111)^ plane , there are regions 
at the interface where atoms from the two phases are above each 
other. Also they have stated that these regions form a 
two-dimensional 'super-lattice* with a 'face-centred rectangular' 
unit cell.
Symmetry at this interface was also determined by considering 
fig. 5.4 to be a two-dimensional unit cell. The locations of the 
symmetry elements at this interface are shown in fig. 5.8(b). 
These involve two-fold rotation axes and glide planes. Hie 
symmetry of this interphase boundary is defined by the symbol c2mm.
5.4. RESULTS
The computational models for the (100)^/(100) ^  and the 
(011)^/(111)f interphase boundaries were allowed to relax and attain 
minimum energy configurations, Hie interatomic interactions were 
defined by the Johnson (1964) J0 potential. In both cases the stable 
relaxed structures of these interfaces were found and their energies 
calculated. Only one structure was observed in each case so that the 
misfit at the interfaces was accommodated in the form of perfect 
dislocations. The Burgers vectors of these interfacial dislocations 
can be defined with reference to either of two lattices. Ihe relaxed 
structure of the (100)^/(100) ^  interphase boundary is shown in fig. 
5.5 when viewed along [100]^. Ihe symbols used to represent two 
planes at the interface, one from the f.c.c. phase and other from the 
b.c.c. phase are the same as those used in fig. 5.2 for the 
unrelaxed structure. Fig. 5.5 shows that the misfit along [011] ^  and 
[011] £ has been accommodated in the form of edge dislocations with 
Burgers vectors [011]  ^and [011]f. When referred to the b.c.c. phase 
the Burgers vectors will be [010]^ and [001]^ respectively. Hiese 
dislocations are in a square array crossing each other at the centre 
of the figure and have spacing 31.46&. Ihe interaction of such 
dislocations could nucleate a reaction of the type;
[011] f + [011] f  > [020] f
An indication of such a reaction in the relaxed structure of this 
boundary is given by a change from a square to an oblique arrangement 
of the atoms at the centre of the figure, but this reaction could not 
develop. Note that there are four crystallographically equivalent
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variants of this reaction.
The symmetry of this relaxed structure was investigated assuming
fig. 5.5 to be a unit cell of a periodic interface. The symmetry
which involves only two-fold rotational axes is shown in fig. 5.8(c)
and is defined by the symbol p211. The energy of this interphase
2.
boundary was calculated as 778rrJ/m.
The relaxed structure of the (011)^/(111)f interphase boundary 
as viewed along the [111]^ direction is shown in fig. 5.6. Only two
planes at the interface one from the b.c.c. phase and other from the
f.c.c. phase are shown in this figure. The symbols used for the 
representation of the atoms are the same as those used for the
unrelaxed structure in fig. 5.3. During relaxation, the atoms have 
moved particularly in the areas at the centre of each edge, in such a 
way that an equilibrium structure results. The energy of this relaxed 
boundary, which has no symmetry, was calculated to be 448mJ/m. As the 
maximum displacement of atoms has taken place along the edges of the 
computational model, it is difficult to see the dislocation networks 
in fig. 5.6. To determine the Burgers vectors of these dislocations 
a larger section of the boundary was plotted and this is shown in fig. 
5.7. In the figure there are two sets of screw dislocations at the 
interface with Burgers vectors 1/2[101]f and 1/2[011]f or 1/2[111]b 
and 1/2[111]^ These dislocations cross each other at the centre of 
the edges of the computational cell and form a cross-grid. Their 
spacing is half the diagonal of the supperlattice unit cell which is 
24.0^.
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515~. DISCUSSION
The present study has shown that b.c.c./f.c.c. interphase 
boundaries can be simulated satisfactorily using computer simulation 
techniques. This is the first time that the misfit dislocation 
structures of b.c.c./f.c.c. interfaces have been obtained using an 
interatomic potential. Only one low energy relaxed structure for each 
of the (100)^(100)f and the (011)^/(111)  ^boundaries was observed and 
these had low symmetries. Hie potential used during this study gives 
a lattice parameter ratio of 1.2937, which is larger than the observed 
f.c.c./b.c.c. ratio in iron. Therefore when comparing these results 
to those for iron, slight changes particularly for the dislocation 
spacings which are proportional to the lattice parameter ratio, must 
be made.
In the relaxed structure of the (100) j./'(100) ^  interphase 
boundary, the dislocations are of edge type and have Burgers vectors 
[011] £ and [011]f or [010]£ and [001]^. No experimental observations 
are available on this interface in the literature, although misfit 
edge dislocations with similar Burgers vectors at f.c.c./f.c.c. 
interfaces (Phillips 1966) and b.c.c./b.c.c. interfaces (Walter et 
al. 1969, Cline et al. 1971) have been reported. Hie estimated
x
relaxed energy of the (100)^/(100)  ^boundary is 778mJ/m, almost double 
that of the (011)^(111)^ interphase boundary. This is probably the
reason for the (100)^/(100)  ^interface not being observed.
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The structure of the (011)^/(111)  ^interphase boundary has been 
the subject of a number of investigations due to its importance in the 
martensite/austenite transformation in steels. Ecob and Ralph (1981) 
and Ecob (1982) using geometrical simulation based on O-lattice theory 
predicted that this interface would contain misfit dislocations with 
Burgers vectors 1/2[011]  ^and 1 / 2 [ 1 0 1 ] Rigsbee and Aaranson (1979) 
experimentally observed interfacial dislocations at the (011)^(111) ^  
interface between ferrite sideplates and austenite in an Fe-2Si-0.6C 
alloy. They found a single set of interfacial misfit dislocations 
having Burgers vector 1/2[011]  ^and one set of steps in the interface. 
Sandvik and Wayman (1983a,b) investigating the (011)^/(111)  ^interface 
between austenite and lath martensite formed in an Fe-20Ni-5Mn alloy 
observed a single set of parallel misfit dislocations having Burgers 
vector 1/2[011]£. Dislocations with Burgers vector 1/2[101]  ^were 
also observed but were considered to be internal dislocations. They 
also observed that the misfit dislocations were in screw orientation 
with spacing varying from 26& to 63&, and the macroscopic habit plane 
of the lath which is close to ( 5 7 5 ) must consist of steps on the 
(111)^ plane. They concluded, that such an array of misfit 
dislocations satisfies the requirement for a glissile interface and 
can accomplish the lattice invariant shear of the phenomenological 
theories. Sandvik and Wayman (1983c), using the above experimental 
information, applied phenomenological crystallography theory of 
martensite transformations to predict a highly coherent (011)^/(111)f 
martensite/austenite interface consisting of one set of steps on the
(lll)f plane with associated dislocations, and one set of screw 
dislocations in the direction [ 0 1 1 ] They demonstrated that the 
observed set of screw dislocations having Burgers vector 1/2[011]  ^may
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glide in the (100)  ^plane only if a second set of screw dislocations 
with Burgers vector 1/2 [101] ^  is associated with each step on the
(lll)f plane.
The present study has clearly suggested two sets of screw 
dislocations with Burgers vectors 1/2[011]  ^and 1/2[101]^ or 1/2[111]^ 
and 1/2[ 1 1 1 ] N o t e  that these Burgers vectors are lattice vectors in 
both lattices. The spacing of these dislocations will be 28& for a 
austenite/martensite lattice parameter ratio of 1.255. In general an 
interface containing two parallel sets of dislocations can move 
conservatively. As far as the steps at the interface are concerned, 
there are regions in the relaxed structure, where the positions of the 
atoms from one phase are such that they can be considered to belong to 
the other phase. For example in the relaxed structure of the
(011)^/(111)£ interface as shown in fig. 5.7, at the centre of the
rhombus-shaped cells formed by the dislocations, the atoms from the
f.c.c phase are in positions resembling the b.c.c. structure. Cn 
either side of these positins the b.c.c. phase atoms occupy positions 
resembling f.c.c. structure. Hence the resulting interface will not 
be flat but will have a stepped nature. Ihese results will be 
modified if a rotation of the (111)^ plane with respect to the (011)^ 
plane is also considered. Clearly such rotations will increase the 
dislocation content at the interface.
It can be concluded that this study has been successful in 
explaining the structure of b.c.c./f.c.c. interfaces. In particular 
it has helped towards the understanding of these interfaces in terms 
of misfit dislocations. It will be desirable to extend this work to
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other b.c.c/f.c.c interfaces using a potential which could maintain 
the two phases in equilibrium with the correct lattice parameters for 
iron. It remains to be verified, whether these two sets of 
dislocations when used as a double lattice invariant shear mechanism 
in the theories of martensite crystallography, can explain the 
crystallographic features of the lath martensite.
CHAPTER. 6
e ^ Q M W m . SIMULATION,OF THE, (522)f ,B.C.C./F.C.C. .INTERFACE
6J.J^TRQDUCTIQM
The growth of a martensitic phase is controlled in part by the 
atomic structure of its interface with the parent material. 
Unfortunately it is very difficult to obtain direct experimental data 
on the structure of the interface and traditional theoretical models 
are based on continuum or phenomenological approaches which provide 
only macroscopic information. However computer simulation, using 
interatomic potentials, has in recent years become a well established 
method of investigating the structure, energies and interactions of 
crystal defects (Lee 1981). Atomistic studies using the computer 
simulation technique of grain boundaries in pure metals (Ingle 1977, 
Bristowe et al. 1977, Vitek et al. 1980, Akhter et al. 1983) and of 
boundaries with segregated impurities (Sutton et al. 1982) have 
provided valuable information about structure and properties. The 
application of these techniques to interphase boundaries is limited by 
two factors? (i) the interface must be two dimensionally periodic 
with a reasonably small repeat cell, and (ii) the energies of the two 
phases must be equal so that the interface should not tend to migrate.
Barcelo and Crocker (1982) and Sutton and Christian(1982) have 
extended the computer simulation technique to interphase boundaries. 
In particular Barcelo and Crocker(1982) simulated b.c.c./h.c.p. and 
b.c.c./9R martensite interfaces in copper alloys and found stable 
relaxed structures. Although reliable estimates of the energies of 
interfaces could not be obtained, because the potential used was not 
in equilibrium for the product phase, the corrugated and glissile 
nature of the interfaces was clearly shown. Sutton and 
Christian(1982) simulated f.c.c./h.c.p. boundaries by developing an 
equilibrium potential for both phases and calculated relaxed 
structures and energies of the (111)^/(001)h and (557)(331)h 
interfaces. The relaxed boundaries were corrugated due to plane 
coalescence, which enabled the atoms to adopt compromise positions 
between ideal sites on each side of the interface. In the case of the 
(557)(331)h boundary, virtually the same structure was observed for 
two different potentials but the energies of the interface were in two 
to one ratio. These attempts can be considered a forward step towards 
the understanding of martensitic transformations.
In the present study, the computer simulation technique has been 
used to simulate the rather difficult case of the (522)  ^ habit plane 
associated with the b.c.c./f .c.c. martensitic transformations in 
steels. This is not yet fully resolved, though many attempts using 
phenomenological theories with single (Crocker and Bilby 1961) and 
double lattice invariant shears (Acton and Bevis 1969-70, Ross and 
Crocker 1970, Dunne and Wayman 1971) have been made. No simulation 
work on b.c.c./f.c.c. interfaces has been done previously, primarily 
because none of the existing potentials is capable of handling both
phases with the correct lattice parameter and equal energy. A 
potential which meets the above requirements has been developed and is 
reported in section 6.2. Section 6.3 describes in detail the 
computational model used for simulation of the interface. Using this 
newly developed potential with the Frank(1953) model of the (522)  ^
habit plane, a stable relaxed structure of the interface has been 
obtained. This is given in section 6.4 along with an estimate of its 
energy. The results are discussed in section 6.5, particularly the 
way in which the relaxed structure can help to explain the migration 
of the interface.
.6.2 , THE. KXTENTIAL
To maintain two dimensional periodicity for the (522)  ^
interface, lattice parameters of 3.59A for the f.c.c. and 2.936A for 
the b.c.c. structure were selected. Explanations for this choice are 
given in section 6.3. The other experimental data used for developing 
an equilibrium potential function V(r), were the elastic constants 
c , c|jr, c^ and the vacancy formation energy for b.c.c. iron. Hie 
potential function V(r) consists of nine piece-wise continuous cubic 
polynomials or splines and terminates at zero slope before third 
nearest neighbour distance in the b.c.c. and f.c.c. structures. It 
is given by
V(rk)=Ak(rkf +Bk(rk)x +Ck(rk) +Dk (1)
where rk are the knot positions (the interatomic separations at which 
adjacent polynomials are joined) and Ak, Bk, Ck and Dk are spline
coefficients. Obese coefficients are determined by the requirement 
/ «
for V(r), V(r) and V(r) to be continuous across the knot positions rkf 
and across the transition at rl to the Born-Mayer form, and also for 
the experimental data to be reproduced correctly. The coefficients 
were matched, using expressions given by Johnson(1964) and 
Miller (1981), to a0, the lattice parameter, ell, cl2, c44, and the 
vacancy formation energy. The above elastic constants can be resolved 
into electronic and ionic contributions by a procedure developed by 
Fuchs(1936). The ionic components to which the potential in fact was 
fitted were calculated by Johnson(1964), as cll=1.20eV/A, cl2=0.60eV/A 
and c44=0.60eV/A so that the Cauchy pressure is zero. An unrelaxed
vacancy formation energy of 1.528eV was considered reasonable for both 
phases. The constants of the Born-Mayer potential
V(r)=Aexp(-b(r-r0)) (2)
were taken as A=0.10296eV and b= 5A*where r0 is the first nearest 
neighbour distance. The knots were chosen in such a way that the
potential can maintain the f.c.c. structure with the required lattice 
parameter and minimum energy. This potential also gives the same 
binding energy per atom for both phases. The values of the
coefficients Ak, Bk, Ck and Dk along with the distances rk are given 
in Table 6.1. The shape of the resulting equilibrium potential
function V(r) is shown in Fig 6.1.
6.3-MODEL.OF.THE. INTERFACE
This computer simulation study of the (522) ^  b.c.c./f .c.c. 
interface is based on a model proposed by Frank (1953). He considered 
the question, "Given the lattice constants of the b.c.c. and f.c.c. 
phases, what determines the natural habit, motions and resulting 
orientation when the transformation occurs." By postulating 
coincidence of the (111)^ and (101) ^  planes and [011] ^ and [111]^ rows 
in the contact surface, he predicted what are substantially the 
observed lattice relationship and the habit plane of this kind of 
martensite in steel. The suggested model has the Kurdjumov-Sachs 
orientation relation, expressed as;
(lll)f|j(101)b and [011]f(I[111]b 
This suggests that an orthogonal three dimensional computational model 
of this interface should have the axes [011], [522] and [455]^. The 
corresponding b.c.c. directions were calculated to be [lll]b, [734]b 
and [l,ll,10]b respectively. To achieve periodicity in the [455]  ^
direction 198(455)  ^planes were matched with 222(1,11,10)b planes. 
This results in a lattice parameter of 3.59A for the f.c.c. and 
2.936A for the b.c.c. phase. Using these lattice parameters 2(011)  ^
planes match 3(lll)b planes with a difference of only 0.16%, which 
provides the opportunity to use a periodic boundary condition in the 
[011]£ direction as well. Though it would result in a strain of 
i0.08% for each half of the model , this is considered to be 
negligible. This situation is quite acceptable to achieve two 
dimensional periodicity. An equilibrium potential for both the f.c.c. 
and b.c.c. phases with these lattice parameters has been developed in
the previous section.
A model f.c.c. crystal with axes [455], [522] , [011] and with 
198(455), 88(522) and 3(011) planes was generated using the standard 
package programme (DEVIL). Periodic boundary conditions were imposed 
in [455] £ and [011] ^  directions and fixed boundary conditions in the 
[522]  ^direction. The boundary conditions ensure that each atom in 
the computational model interacts with a full quota of neighbours. 
The upper half of the model was converted into the b.c.c. structure 
with axes [1, 11, 10] b , [734]b and [lll]b and dimensions 222(1,11,
10)b, 44(734)b and 3(lll)b planes. The upper mantle was also 
converted in this way. The interface was parallel to the (522)  ^plane 
and the boundary conditions implied that this plane was effectively of 
infinite extent. IXiring the construction of the interface it was made 
sure that no two atoms were very close to each other in order to avoid 
high repulsive forces. The projection of the model along the [011]  ^
direction is shown in fig. 6.2. In the lower half of this figure, 
the structure is f.c.c. and the two different levels of atoms are 
shown by the symbols 'o' and ' + '. in the upper b.c.c. half the 
symbols '+*, ' and 'V1 show the three levels of atoms in the (111)^
plane. The (111)^ and (011)b planes are parallel to one another to 
within one degree and are approximately prependicular to the 
interface. At the interface there are two sets of dislocations due to 
matching of the 198(455) ^  with the 222 (1,11,10) b planes and of the 
2(011)^ with the 3(lll)b planes. The first set of these dislocations 
is clearly shown in fig. 6.2. The mismatch is contained in three 
diamond shaped areas at the interface. Each diamond joins its 
neighbours at a corner and along opposite edges 4 f.c.c. planes meet
3 b.c.c. planes or vice versa. The second set of dislocations is 
parallel to the plane of fig. 6.2. This model interface was relaxed 
using the lattice handling techniques known as DEVIL described in 
chapter 5.
6 .4-KES.ULTS
The model relaxed to the stable equilibrium structure for the 
(734)^/(522)£ interface which is shown projected along [011]£ in fig. 
6.3. The symbols denoting various positions of atoms in the (011)  ^
and the planes are the same as those used in fig. 6.2. Near
the interface atoms have moved by significant amounts parallel to the 
[011]£ direction. Displacements of greater than 0.3A perpendicular to 
(011) ^  are indicated by, an extra symbol 'O'. Again the same diamond 
shaped areas as in fig. 6.2 are drawn, and these show the arrangement 
of the dislocations at the interface. In all three diamond shaped 
areas, the dislocations arrange themselves in such a way that from the 
centre of each, where distortion is highest, stacking faults are 
developing into the parent f.c.c. phase on (111)^ planes. These 
stacking faults as shown in fig. 6.3 extend to the fixed boundary. 
In the product b.c.c. phase the major displacement of atoms is 
parallel to the [111]^ direction. The displacements of the atoms in 
diamonds 1 and 3 is in the opposite direction to those in diamond 2. 
This could be the result of slip on two different b.c.c. planes, 
(011)b and ( 1 1 0 ) in the directions [111]and respectively.
Fig. 6.3 also shows that the displacement vector is approximately in
the plane of paper in the lower half which is the parent f.c.c phase 
but perpendicular to it in the upper half which is the product b.c.c. 
phase. The energy of the interface was calculated to be 204mJ/nu
6,5. DISCUSSION
The method of constructing the interatomic potential described 
in section 6.2 ensures that both crystal lattices have the same total 
energy and are in equilibrium. The imposed conditions on the lattice 
parameter make the potential function rather flat in certain regions 
in order to maintain zero Cauchy pressure. The constructed model of 
the interface has a smaller dislocation content than the (734)^/(522)  ^
b.c.c./f.c.c. martensitic interface in steels where the b.c.c. phase 
has a lattice parameter smaller by' about 2%. The increase of the 
dislocation content at the interface will increase its energy. As the 
stacking faults in the parent phase and the local slip in the product 
phase extend to the fixed boundary, this boundary does not allow the 
interface to relax fully. Hence a bigger model with more planes 
parallel to the interface should reduce the energy further. Hence the 
estimated value of the energy for this interface may not correspond to 
the value for such interfaces in steels. However it does suggest that 
these interfaces will in general have low energy.
An interesting feature of the relaxed structure of the 
(734>b/(522)f interface is the development of stacking faults in the 
parent phase. This can provide a satisfactory mechanisim for the 
migration of the martensitic boundary. The stacking faults develope 
in the parent phase from the sites of mismatch ahead of the migrating 
interface and leave the product phase behind. The density of atoms in 
the (011) ^  and (111)^ planes is the same with similar arrangements of 
atoms. This will further help the migrating interface, as conversion 
from one phase to the other will not require gain or loss of atoms. 
The fault vector of these stacking faults is parallel to [211]  ^ and 
its magnitude decreases towards the fixed boundary. Stacking faults 
on the {lll}f planes have been experimentally observed (Kelly and 
Nutting 1961, Morton and Wayman 1966) near the (522)  ^habit plane for 
the austenite-martensite transformation. In the product b.c.c. phase 
slip is taking place on the (011) ^  and (110)b planes in the [Ull^ ancl 
[lll]b directions respectively. This is also consistent with 
experimental observations (Bogers and Burgers 1964, Morton and 
Wayman(1966), Patterson and Wayman 1966, Umemoto and Tamura 1982). 
The crossing point of two slip inhomogeneties in the product b.c.c. 
phase can act as a nucleus for {112}b twinning. However no conclusive 
evidence for {112}b twinning near the interface could be found in this 
small model. The relaxed structure of the (734)^(522)£ interface 
with {lll}f stacking faults in the parent f.c.c. phase and slip 
inhomogeneities on the {011}b planes in the product phase resembles 
closely the interfaces observed (Kelly and Nutting 1961) in twin-free 
needle-shaped martensite in stainless steel and in low carbon steel.
The present study is an attempt to investigate complex 
interphase boundaries and it has been demonstrated that the DEVIL 
suite of computer programmes can be used successfully for this work. 
A new interatomic potential capable of handling both phases in iron at 
equilibrium, was developed which made this study feasible. A two 
dimensionally periodic model of the interface has been constructed. 
No lattice invariant shear of the product and the parent phase was 
introduced into the initial model. However during the relaxation 
process, stacking faults in the parent phase and slip in the product 
phase occur in order to minimize the energy of the interface.
k rk Ak Bk Ck Dk
1 1.900 -35.734985 227.080627 -485.252930 349.197083
2 2.100 8.990429 -54.689499 106.464325 -65.004990
3 2.360 -18.690651 141.292542 -356.053284 298.842224
4 2.520 19.605824 -148.228821 373.540527 -314.016602
5 2.60 -30.210243 240.336517 -636.729370 561.550659
6 2.680 3.895770 -33.875824 98.159744 -94.950287
7 3.034 -2.689743 26.065510 -83.702271 88.972824
8 3.407 2.761569 -29.652340 106.128433 -126.611588
9 3.580 -0.007194 0.084172 -0.328270 0.426751
10 3.90 0.000000 0.000000 0.000000 0.000000
Tab!e-6.1; Coefficients Ak, Bk, Ck, Dk and positions of knots rk(A)
for the equilibrium interatomic potential for 
f.c.c. and b.c.c. iron, which consists of 9 cubic 
splines (k=l,........9).
CHAPTER.7
ij^ jgaoisisiOBL
Motivated by a desire for a better understanding of several 
metallurgical phenomena attributed to interfacial effects, this thesis 
has described the application of techniques which are capable of 
determining physical parameters hitherto difficult to measure using 
standard experimental procedures. Simple geometry was applied to 
predict structures of twin interfaces in zirconia. The CRAB theory 
(Acton et al. 1970) of martensite crystallography was applied to the 
martensitic transformations in low-symmetry materials, zirconia and 
plutonium alloys. Computer simulation techniques using interatomic 
potentials were applied to investigate the detailed structure of 
interfaces which result from martensitic transformations in steels and 
which are not yet fully understood. In particular the atomistic 
technique fulfils the need to know the microstructure and energy of 
such interfaces and thereby can contribute to achieving the ultimate 
aim of controlling the phenomena. However the discrete lattice 
calculation requires critical assessment. It is the purpose of this 
final discussion to examine several factors which could affect the 
reliability of the results and also to relate the work to what little
experimental information is available. Hie limitations of the 
discrete lattice calculations are clearly stated and it is within 
these confines that the details of the present work are summarized.
The theory of deformation twinning (Bilby and Crocker 1965) was 
applied to a low-symmetry material zirconia, and this has been 
successful in predicting the twinning modes. These predictions will 
be helpful in determining experimentally the operative twinning modes 
in zirconia. Simple geometry when used with criteria of minimum 
shuffling and least distortions in bonding suggested very reasonable 
structures for twinning in this material. An interesting result of 
this application was the confirmation of the non-classical 
orientiation relationships across the interface for (100)^ \ and (001)K; 
twinning which involved a screw axis and glide plane respectively. 
The screw relationship was first noted during a computer simulation 
study of the (112) twin in body centred cubic materials by Bristowe 
and Crocker (1975). Recently, Ahmad (1985) using the computer 
simulation technique, found a low energy (112) twin structure in 
silicon with this orientiation. Twin structures obeying similar 
orientiation relations have also been observed experimentally 
(Vlachavas and Pond 1981, Fontaine and Smith 1982). In view of these 
evidences the results of this application would appear to be correct, 
although experimental verification for zirconia is still required.
Application of the Wechsler-Lieberman-Read (1953, 1955) and the 
Bowles and Mackenzie (1954a, b) theories of martensite crystallography 
to specific examples involve much tedious numerical work. 
Consequently, the use of these theories has been restricted to high
symmetry materials. The CRAB theory (Acton et al. 1970), in its 
general form is quite suitable for application to martensitic 
transformations in low-symmetry materials. This theory has been 
successful in handling twinning modes as lattice invariant shears in 
the tetragonal to monoclinic martensitic transformation in zirconia. 
Some of the predictions of the theory agree reasonably well with 
experimental observations, although there are a few exceptions. In 
particular none of the mechanisms predicted a habit plane close to
{671} one of those observed experimentally. When comparing the
predictions of the theory with available experimental information one
should also keep in mind the limitations of experimental techniques. 
For example the only available experimental work on the tetragonal to 
monoclinic martensitic transformation in zirconia is by Bansal and 
Heuer (1974). In this, analyses were not performed on single
martensite plates, but on plates grouped into several categories and 
in fully transformed regions. Ihe high martensite transformation 
temperature is a hindrance. Further detailed experimental work on 
these plates is required and it will be interesting to see, if a 
double lattice invariant shear is involved in this transformation. 
The CRAB theory of martensite crystallography was also applied to the 
&-DC martensitic transformation in plutonium alloys. Very little 
experimental information is available on this transformation due to 
the nature of the material. However this analysis has shown the 
versatile nature of the CRAB theory and has provided a basis for 
comparision and guide lines for future experimental work.
The validity of computer simulation results rely to varying 
degrees on the chosen interatomic interaction, the boundary conditions 
and relaxation procedure. Probably the most important of these is the 
choice of a semi-empirical interatomic interaction since to some 
extent it is a fairly arbitrary quantity and can only be as accurate 
as the data from which it was constructed. It is usually desirable in 
computer experiments to use a potential which is as simple in form as 
possible and which does not have an excessively long range. The only 
criterion which must of necessity be fulfilled is that the potential 
ensures a stable crystal lattice with respect to small deformations 
and rigid body displacements. It is this emphasis on predicting the 
correct lattice structure that usually results in more confidence 
being placed in the relaxed atomic configuration than in the relaxed 
energies. However at least the limitations of a simple potential are 
quite clear. Ihe interpretation of results obtained from the use of 
more complex potentials, which might include quantum mechanical 
effects due to electronic redistribution in the vicinity of severely 
distorted defect cores, would be difficult. Moreover present 
potentials have usually been designed for particular classes of 
defects, e.g. vacancies and interstitials. It is gratifying to show 
that these potentials may also be applied successfully to interfaces. 
It is clear that more accurate potentials, however complicated, will 
only come from increased experimental information concerning the bulk 
properties of the material.
The extent to which the boundary conditions and relaxation 
procedure effect the computer results is difficult to assess. The 
fact that their exact nature is frequently never stated indicates that
some authors consider them to be of relatively minor importance. It 
is however obvious that the boundary conditions, for instance, must be 
chosen to suit the type of defect to be studied. It is usually always 
desirable to have as large a computational cell as possible, however 
the size of the cell may be reduced by applying periodic boundary 
conditions along the directions in which the defect must repeat 
itself. Thus for the study of interphase boundaries one should have a 
two-dimensionally periodic model so that cyclic boundary conditions 
can be applied.
In the present study the Johnson J0 potential and a newly
developed potential, both of which are of short range, were used.
These potentials are of equilibrium nature and are capable of
retaining the correct crystal structures against small distortions.
All the model interfaces studied were two-dimensionally periodic.
Cyclic boundary conditions were employed to make the initerface
infinte. In the present study b.c.c./f.c.c. interphase bondaries
have been simulated satisfactorily using computer simulation
techniques. This is the first time that the misfit dislocation
structure of b.c.c./f.c.c. interfaces have been obtained using an
interatomic potential. Using the J0 (1964) potential, only one low
energy relaxed structure for each of the (100]L / (100) and
* ■f’
(011) V(lll), boundaries was observed and these had low symmetries.
In the relaxed structure of the (100) /(100). interphase boundary, the
* f
dislocations are of edge type and have Burgers vectors [011], and
f
[011]; or [010], and [001]?. No experimental observations are 
* s *
available on this interface. Hie relaxed structure of the
(011) :jf (111) . interphase boundary has two sets of screw dislocations 
 ^ /
with Burgers vectors 1/2[0111. and 1/2[101]. or 1/2[111] and
T f Jj
l/2[lliy,. Such dislocations have been observed experimentally 
(Rigsbee and Aaranson 1979, Sandvik and Wayman 1983a,b) but the 
interpretation was different. The present study suggests that these 
two sets of screw dislocations can help in migration of the interface. 
However it remains to be verified, whether these dislocatons when used 
as a double lattice invariant shear mechanism in the theories of 
martensite crystallography, can explain the crystallographic features 
of lath martensite. The potential used for the study of these two 
interfaces gives a lattice parameter ratio of 1.2937, which is larger 
than the observed f .c.c./b.c.c. ratio in iron. Therefore when 
comparing these results to those for iron, slight changes particularly 
for the dislocation spacings which are proportional to the lattice 
parameter ratio, must be made. Energies of these relaxed interfaces 
were also calculated. The energy of the (011) /(111) interface was
b  T
half that of the (100)./(100).. interface. This is clearly a reason
b i
for the (011)./(Ill) interface being favoured in practice over the 
b f
(100) ,/(100). interface. 
t> t
For the study of the (225) b.c.c./f .c.c. interface associated
r
with the martensitic transformation in iron, it was decided to develop
an interatomic potential capable of holding the two phases of iron in
equilibrium with the correct lattice parameter. The new developed
potential does serve this purpose and made the study of this interface
feasible. A two-dimensionally periodic model for the (734) >/(225K
* r
interface was relaxed and a low energy structure was obtained. In the 
product b.c.c. phase slip was observed on the (0ll)^  and (110)^ . 
planes in the [111] and [ill], directions respectively. The crossing
point of two slip inhomogeneties in the b.c.c. phase can act as a 
nucleus for {112] ■ twinning. However no conclusive evidence for 
twinning near the interface could be found in this small model. An 
interesting feature of this relaxed structure is the development of 
stacking faults in the parent phase. This can provide a satisfactory 
mechanism for the migration of the martensitic boundary. These 
fetures of this relaxed structure apart from {112}. twinning agree
h
reasonably with available experimental information (Kelly and Nutting 
1961, Morton and Wayman 1966, Patterson and Wayman 1966). As expected 
the relaxed energy of this interphase boundary is low. A bigger 
computational model would decrease the energy further. In iron such 
an interface will have a higher dislocation content which will 
increase its energy.
7.«2jmaasiQEia
From the results of the study reported in this thesis, the 
following conclusions can be drawn.
(1) The established theory of deformation twinning has been 
successfuly applied to a low-symmetry material of complex 
structure; Zirconia.
(2) The detailed geometrical study of twin boundaries in 
zirconia has resulted in two new twinning orientation relationships
involving a screw axis and a glide plane being established.
(3) Further experimental work on twinning in zirconia is 
required.
(4) The CRAB theory of martensite crystallography (Acton et al. 
1970) and computer programs based on it are capable of 
handling twinning modes in low-symmetry materials as 
lattice invariant shears.
(5) Application of the phenomenological theory of martensite 
crystallography to the tetragonal to monoclinic martensitic 
transformation in zirconia has been partially successful in 
predicting the physical features involved.
(6) Detailed experimental work on the martensite plates formed 
during the tetragonal to monoclinic transformation in 
zirconia would be helpful.
(7) The CRAB theory of martensite crystallography has been 
successfully applied to martensitic transformation
in plutonium alloys, where over one hundred transformation 
mechanisms arising from twinning and slip modes have been 
investigated and the most favourable mechanism has been 
selected.
(8) Theoretical analysis of the martensitic transformation 
in plutonium alloys has provided a basis for future 
experimental work.
(9) Interphase boundaries have been simulated satisfactorily 
using computer simulation techniques. The DEVIL suite of 
computer programs has been modified successfully to handle 
two phases at the same time.
(10) Misfit dislocation structure of several b.c.c./f.c.c. 
interfaces have been obtained using interatomic potentials 
and the Burgers vectors of the dislocations determined.
(11) A new interatomic potential capable of handling both 
b.c.c. and f .c.c. phases in iron at equilibrium has been developed
and used.
(12) The relaxed structure of the (522) b.c.c./f.c.c.
f
interphase boundary has been obtained. This showed 
stacking faults in the parent phase and slip taking place 
in the product phase.
7.3 SUGGESTIONS. FOR.FUTUREM m
On the basis of above conclusions the following suggestions 
about the future extension of the work reported here, can be made.
(1) Geometrical studies of twin interfaces in other 
low-symmetry materials, particularly ceramics, should be carried out.
J.V 0
(2) The computer programs based on the CRAB theory of 
martensite crystallography should be extended to handle double lattice
invariant shears. Use of such modes will help towards 
obtaining a better understanding of martensitic 
transformations.
(3) More experimental work on twinning and transformation modes 
in zirconia should be performed and the results compared 
with the new information made available by the theory.
(4) The two sets of screw dislocations suggested by computer 
simulation at (011)^7(111)^ interface should be used as a 
double lattice invariant shear in the theory of martensite 
crystallography to see whether it can explain the 
crystallographic features of lath martensite.
(5) The computer simulation study of martensitic interfaces 
should be extended to other interfaces using more 
sophisticated potentials
(6) Use of the computer simulation technique should be extended 
to the study of twin interfaces in zirconia and other 
ceramic materials by developing appropriate potentials.
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Figure 2.1: The twinning shear when applied to the upper part of a
sphere which becomes half an ellipsoid. The twinning elements 
K|, K £ j ,  E^r the plane of shear S, and the sheared locations 
and E ^  of and are also shown. Hie shear
strain is given by s=2cot0.
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Figure 2.2; An example of need for shuffling of atoms in a twinned unit 
cell. The parent cell (a) undergoes a simple shear to give (b) 
which has different interior sites occupied to the twinned cell 
(c). Two possible shuffle mechanisms are shown in (d) and (e).
Eigure.2.3? Illustration of the fact that in double lattice structures 
additional shuffles are necessary. The parent cell (a) 
undergoes a simple shear to give (b) which has different corner 
sites to the twinned cell (c)• Two possible shuffle mechanisms 
are shown in (d) and (e).
Figure 2.4; A unit cell of monoclinic zirconia. Closed circles 
represent zirconium atoms and open circles oxygen atoms. The 
lattice parameters a, b, c, p, and positions of atoms are 
given in the text.
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Figure 2.5: The structure of four unit cells of monoclinic zirconia,
when projected along [010]. Closed and open circles represent
zirconium and oxygen atoms respectively. Tbe positions of
2
atoms along [010] are shown by the numbers (X10 ) adjacent to 
symbols. Seven Zr-0 bonds are shown by broken lines.
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Figure 2.6: A possible reflection twin structure for (101) twins in
monoclinic zirconia, projected along [010]. Heights along 
[010] are shown by numbers ( Xl(? ). Ihe amount of shuffling 
required after the simple shear is shown by the arrows in the 
plane of figure. To form a correct reflection twin some atoms 
will also have to move parallel to [010]. No shuffling is 
shown for the interfacial atoms which in practice will take up 
equilibrium positions of an intermediate structure.
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2j Structure of four cells of monoclinic zirconia projected 
along [010]. Markers at left and right show various locations 
where twinning can take place for (100) twins.
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Figure 2.8: A possible twin structure for (100) twins in monoclinic
zirconia, projected along [010]. Heights along [010] are shown 
z
by numbers (X10 ). Twinning plane is plane of zirconium 
atoms. The amount of shuffling required after the simple shear 
is shown by the arrows in the plane of figure. To form a 
correct reflection twin some oxygen atoms will also have to 
move parallel to [010].
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L; A possible twin structure for (100) twins in monoclinic 
zirconia, when twinning plane is in the layer of 01 atoms. The 
structure is projected along [010], and heights are indicated 
by numbers ( The amount of shuffling required after the
simple shear is shown by the arrows in the plane of figure. 
Orientiation relation is reflection in Kj plus (1/2)Jd glide or 
rotation of %  about E| plus a translation of (1/2)c.
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Figure 2.10: A possible twin structure for (100) twins in monoclinic
zirconia, when twinning plane is in layer of Oil atoms. The
structure is projected along [010], and heights are indicated 
X
by numbers (X10 ). The amount of shuffling required after the 
simple shear is shown by the arrows in the plane of figure. 
Orientiation relation is reflection in Kj plus (l/2)b glide or 
rotation of 7t about £ j plus a translation of (l/2)£.
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Figure 2.11: A possible twin structure for (001) twins in monoclinic
zirconia, when projected along [010]. Heights along [010] are 
shown by numbers (X10 ). Shuffles required after the simple 
shear are shown by the arrows in the plane of figure. A 
shuffle of 0.02& parallel to [010] in the pairs of oxygen atoms 
along edges, will result in an orientiation relation which is a 
rotation of %  about H| plus a (1/2)b glide.
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.1: Three lattice corresspondences for tetragonal to monoclinic
transformation in zirconia A, B and C which have c^. 
transforming toam ,bm and cm respectively.
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Figure 3.2: The poles of the habit plane predictions of table 3.3
plotted in a standard unit triangle of the parent tetragonal 
stereographic projection. Numbers represent shear modes, those 
underlined arising from the second solutions. Open, closed and 
divided symbols are used for corresspondences A, B and C 
respectively. Hhe two arrows indicate the way in which the 
predictions of Ban sal and Heuer (1974) change when the lattice 
parameters are corrected.
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Figure 4.1; Predicted habit plane poles for mechanisms 1 to 20 of tables 
4.4, 4.5 and 4.6 plotted in a standared parent stereographic 
triangle. Correspondence I and III poles are indicated by 
closed and open circles respectively.
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.EigttCfiJiul? A projection of the (100)b/(100) f interface along [011]f in 
the lower f.c.c. half and along [001]b in the upper b.c.c. 
half. The two-fold stacking sequence along these directions is 
shown by two symbols '+' and Qhe two planes of the atoms
shown are from the middle of the computational cell.
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f.c.c. phase are represented by the symbol ** 1 and from the 
b.c.c. phase by '+*.
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Figure 5.3; A projection of the (011)b/(lll)f interface along [110]f in 
the lower f.c.c. half and along [100]b in the ujper b.c.c. 
half. The two-fold stacking sequence in these directions is 
shown by the symbols ’+' and Only two planes from the
middle of the computation! cell are shown.
JL*-S
tW
S
IrH
A
+ *
* 4 
+ *
* + *
+ *
+
$
%
\
S
X
^  I
5*
a  t
A
+ 
*
+ 
*
+ 
®
*
£
+
X
+
X
[lll]f 
[011]b
+ * + X ■HK 1 * *4 X + X +
X + X +x ■*s ✓* x+ X + X
+ X + X +x # x + X +
+ X + X ■fc * X+ X + X
+ X + x +x * & x + X +
* + X +x 1* t x+ + X
+
+ + + + , X +X X X X X + X+ + + + X
+
4**+ x + X + X + X + X +
X+ X + X + X + X + X + x
X + X + X + X + X + X 4*
*+ X + X + X + X + X + *
Xf X + X + X + X + X + X 4*
X+ X + X + X + X + X + X
•X + X + X + X + X + X +*
X+ X + X + X + X + X + x
X+ x + X + X + X + X + X +*
*+ X + + *
+ + X t + x■f + + +
1
+
X
+
+
X
+
X + X X+* *
*+
+ *
+ X + x 4* I x+ X +
X + X + X 4* * *+ X + X
+ X + X 4* *h x + X +
X + X +x ¥ > *+ X + X+ X + X 4* I X 1 XF x + X +
* + 
+ X 
* .+ 
+ *
* +
+
X%
%
Ik
+x
+
X
+
X
-> [0111 b
X
> [112]f
fW p B.4,  A View Of the (011)b/(lll)f interphase boundary when
projected along [Ul]£. One plane from each phase at the
interface is shown. The atoms in the f.c.c phase are
represented by '+’ and in the b.c.c. phase by
+ + + + + . + + + + + + +
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figure 5.5; Bie relaxed structure of the (100)b/(100)f interphase 
boundary projected along [100]f .  The symbols used are the same 
as were used in f ig .  5 .2 .  The continuous lines indicate the
locations of edge m is fit dislocations and the rhombus at the
centre shows the nature of the interaction of these 
dislocations.
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Figure 5.6; The relaxed structure of the (011)f/(111)f interphase 
boundary projected along [llljf. Ihis figure shows only two 
planes of atoms at the interface, one from the f.c.c. phase 
and the other from the b.c.c. phase. Hie symbols used are the 
same as those in fig. 5.4. In order to appreciate fully the 
dislocation content of this boundary, it has been reproduced in 
an extended form in fig. 5.7.
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Figure 5.7? Relaxed structure of the (011)f/(lll)b interface projected 
along [lll]f when extended in the [112]f and [110]f directions. 
It shows the positions of the two sets of screw dislocations 
with Burgers vectors 1/2[011]f and 1/2[101]f.
(c)
Figure 5.8: The location of the symmetry elements at (a) unrelaxed
(100)b/(100)f interface, (b) unrelaxed (011)b/(lll)f interface, 
(c) relaxed (100)b/(100)f interface. The relaxed (011)b/(111)f 
interface has no symmetry. Squares and ellipses represent 
four-fold and two-fold rotation axes respectively perpendicular 
to the boundary. Continuous lines show mirror planes while 
broken lines show glide planes.
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Figure 6.1: Equilibrium potential V(r) for f.c.c. and b.c.c. iron.
Hie first and second nearest neighbour distances for f.c.c. 
and b.c.c. are marked fl, f2, bl and b2 respectively.
0 fi fo]l
Figure 6.2; Unrelaxed structure of the' (734)b/(522)f interphase boundary
mm
projected on to (lll)b/(011) f. Ihe three symbols in the upper 
part of the diagram represent the three-fold stacking of the 
(111)b plane. Similarly the two symbols in the lower half 
correspond to the two-fold stacking of (011)f planes.
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Relaxed structure of the (734)b/(522)f interphase boundary.
For the notations, see fig. 6.2. Hie square symbols indicate 
atoms which have been displaced by more than 0.3A* in the 
[lll]b/[011jf direction (perpendicular to the paper).
